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Strictly autotrophic bacteria are microorganisms which grow only in the 
presence of a specific inorganic nutrient from the oxidation of which they ob- 
tain their energy and which are able to cover all of their carbon needs from 
CO;. In most cases organic materials are not utilized and may be toxic. 
One representative of this group of organisms, T'hiobacillus thiooxidans, 
oxidizes sulfur to sulfuric acid as its energy source and no material yet 
found can replace CO, as a source of carbon for growth. This organism 
is further remarkable in that it will only grow at a pH of below 6, and 
produces, during its growth, as much as 5 per cent sulfuric acid without 
detectable harm to its metabolism. It has recently been shown that cells 
of this organism were able to survive relatively long periods in the absence 
of oxidizable sulfur and that under these circumstances it possessed an 
organic metabolism resulting in the liberation of CO, (1). LePage (2) 
was able to demonstrate that during this “‘endogenous metabolism” a 
polysaccharide storage product was broken down and O’Kane (3), Vogler 
and Umbreit (4), ang LePage (2) have provided evidence that phosphoryla- 
tion was somehow involved in this breakdown. It was therefore of con- 
siderable interest to determine whether this metabolism followed a pathway 
similar to that of yeast and muscle or whether a different, and perhaps 
more primitive, type of phosphorylating metabolism was involved. 

Two limitations are imposed upon studies of this organism. First, the 
difficulty of obtaining sufficient amounts of tissue for experiment neces- 
sitates the application of micromethods throughout. Second, the usual 
methods of study of bacterial metabolism are not applicable, since organic 
materials are not utilized by this organism; 2.e., one cannot supply an ex- 
ternal source of glucose, for example, and determine the fermentation prod- 
ucts. 

It was therefore necessary to modify existing methods for the determina- 
tion of the phosphorylated carbohydrate esters and to apply them on a 
micro scale. In the procedure employed most of the compounds are de- 
termined by at least two independent measurements. By application of 
this method it was possible to account for over 90 per cent of the acid- 
extractable phosphorus of the autotrophic cell in terms of known com- 
pounds whose identity is clearly established. The results showed that the 
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following compounds were present in the extract of Thiobacillus thiooxidans: 
adenosine triphosphate, fructose-1 ,6-diphosphate, phosphoglycerie acid, 
fructose-6-phosphate, glucose-6-phosphate, and glucose-1-phosphate. Pre. 
sumptive evidence is offered for the presence of coenzyme I. 

If it is granted that the presence of these compounds (which have been 
synthesized from COs) indicates that they function in the metabolism of 
the organism, then the autotrophic bacteria, in spite of their unusual 
conditions of growth, have an internal metabolism similar to, if not iden- 
tical with, the phosphorylating glycolyses found in yeast and muscle. This 
paper also contains evidence that these compounds do function in the 
metabolism, in that the relative amount of each material varies with the 
physiological condition of the cells. For purposes of brevity only one 
analysis is described but changes in the distributions under physiological 
conditions are noted when they occur. 


EXPERIMENTAL 


The methods consist essentially of an intermittent trichloroacetic acid 
extraction of the wet bacterial cells until no more phosphorus is removed 
and a separation of the combined extracts into three rather well defined 
fractions. Each fraction is then analyzed for individual compounds known 
to occur in it; at least two characteristic properties of the compound to be 
determined are employed in an attempt to account for all of the phos- 
phorus in the fraction. A flow diagram of the method of obtaining the 
fractions is presented, together with the data obtained in the experiment 
described. This fractionation method is a combination and modification 
of those of Eggleton and Eggleton (5), Needham and van Heyningen (6), 
O’Kane (3), and O’Kane and Umbreit (7). 

When applied to other organisms, the alkali treatment (which destroys a 
large part of the triose phosphate and phosphopyruvic acid) is usually 
not necessary, but in Thiobacillus thiooridans it is not possible to extract 
any appreciable amount of phosphorus if this treatment is omitted. Ana- 
lytical methods for various components of the fractions were modified and 
adapted to the Evelyn photoelectric colorimeter from the following 
methods: total and inorganic phosphorus based on that of Fiske and Sub- 
barow (8) and described in more detail by LePage (2), nitrogen after the 
method of Johnson (9), fructose after the method of Roe (10), pentose after 
the method of Mejbaum (11), phosphoglyceric acid after the method of 
Rapoport (12), phytic acid after the method of Rapoport et al. (13), car- 
bazole reactions after the method of Gurin and Hood (14), and reducing 
values after the method of Folin and Malmros (15). These methods were 
standardized with pure compounds when necessary, as described in the 
text. Hydrolysis curves were run in 1 N HCl at 100°, according to the 
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method of Lohmann (16). Cells from a 7 day culture were employed and 
were grown on an inorganic medium with sulfur as the sole energy source 
and harvested as described by Vogler (1). 


Method of Obtaining Organic Phosphorus Fractions 


9.35 gm. (dry weight) bacterial cells (0.235 gm. N, 47.5 mg. total P) in 15 ml., treated 
with 1.5 ml. 50% KOH for 5 minutes, neutralized with 100% trichloroacetic acid; 
2.5 ml. 100% trichloroacetic acid added to 25 ml.; extracted 12 hours, 0-5°; centri- 


/ 





fuge 
gE REESE Ee Saree Extracts combined; made to 100 
Cell débris extracted with 20 ml. 10% tri- ml.; contain 5.86 mg. inorganic 
chloroacetic acid, 12 hours, 0-5°; centrifuge P (12.3% of original) ; 32.84 mg. 


Cell débris; repeat extraction : | organic P (69.0% of original) 





—____ 


Cell débris; repeat extraction 


—— es 
Cell débris; repeat extraction 


Cell débris contains 8.8 Extract contains Aliquot containing 28.05 mg. 
mg. total P (18.7% of no P; discarded organic P and 5.0 mg. inorganic 
orginal); considered P; treated with 2.7 ml. 25% 
acid-insoluble barium acetate and adjusted to 

pH 8.4 with NaOH. Let stand 


at 0°, 30 minutes; centrifuge 
2 





Add slight excess H.SO,; centrifuge | 
BaSO,; wash; centrifuge | 





Add barium acetate and 
NaOH, to pH 8.2; 0°, 30 
minutes; centrifuge 


BaSO,; discard 








Combined extracts treated with 5 
volumes 95% ethanol; 3 hours, 
0-5°; centrifuge 


Barium-insoluble fraction (I) 
(Redissolved and reprecipi- 
tated without removing any 

r P.) Bs emovec 7am - 
gM -. 4 fe 75 = H.SO, to remove Ba; Concentrated to small 
Contained 6.5 mg. organic P BaSO, washed and volume under vacuum, 
23.7% of original organic a o— — 30-35°; Ba removed 
>). 3.38 rj ranie P made to lov mi. 
pre Sar ng. aS Barium-soluble alcohol- Barium-soluble alcohol- 

insoluble fraction (II) soluble fraction (III) 

Recoveries: organic P 94.7%; 19.0 mg. organic P (67.6% 0.965 mg. organic P 
inorganic P 78.6%; low re- of original organic P); (3.43% of original or- 
coveries of inorganic P due 0.545 mg. inorganic P ganic P); 0.0 mg. in- 
to adsorption on numerous organic P 
BaSQ, ppts. 





The compounds present in the fractions obtained as shown in the 
diagram were as follows: 

Barium-Insoluble Fraction (I)—75 ml., contained 85.4 y of organic 
P per ml. 

Adenosine Triphosphate (ATP) Hydrolysis—The hydrolysis curve for 
the entire fraction is given in Fig. 1, Curve A. When the phosphorus 
released in 7 minutes was calculated as ATP (after Lohmann (16)), 88.9 
per cent of the organic phosphorus in this fraction was ATP. 
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Nitrogen—57.0 y of nitrogen were found per ml. If this nitrogen were wa 

all ATP, 88.8 per cent of the organic phosphorus in this fraction would be ml 

ATP. Proof that the only nitrogen compound present was ATP was ob- - 

tained as follows: Upon 7 minutes hydrolysis in 1 N HCl at 100° ATP the 

breaks down to adenine, pentose phosphate, and adenylie acid (17), all wit 
of which are barium-soluble. The inorganic phosphorus, phosphoglycerie va 
acid, and undecomposed hexose diphosphate can be removed by barium dr 
precipitation. The filtrate should then contain all of the nitrogen of the - 
ATP but only 1 phosphorus, i.e. the N:P ratio should be 2.26; found 2.5: ph 
if corrected for hexose diphosphate breakdown (26.5 per cent in 7 minutes), as 
the ratio found was 2.26. This provides adequate proof that the nitrogen col 
observed was present as ATP. It is of some interest that the hydrolysis hv 
lit 
% hydrolysis of : 
1004 Se ertephores res ec wi 
100° ¢ hy 
804 _A barium insoluble mt ey 
pk 
a B orginal extract -—< ate ’ 
407 arium soluble 7. 
alcohol insoluble 
m 
207 iu. ‘ 
a=. : Ww 
alcohol soluble bi 
minutes a F 
60 ~—«*120 180 300 ” 
Fic. 1. Hydrolysis curves “ 
products of ATP are themselves fairly resistant to hydrolysis (in | x HCl , 
at 100° for 1 hour 28.7 per cent was hydrolyzed; in 2 hours, 50.7; in 3 hours, 
58.7 per cent). DP 

Pentose—119.7 > of pentose were found per ml. If this pentose resided ~ 
in the molecule of ATP, 87 per cent of the organic phosphorus of this , 
fraction would be ATP. 

Hexose Diphosphate (Fructose-1 ,6-diphosphate) Hydrolysis—The hexose , 
diphosphate content of this fraction is too low to permit aecurate caleula- , 
tion of its content from the hydrolysis curves. 

Fructose—5.32 y of fructose were found per ml. If this fruetose resulted 
from the hexose diphosphate, 1.13 per cent of the organie phosphorus of 
this fraction is hexose diphosphate. \ 

Reducing Value—1.13 per cent of the organie phosphorus of this fraction 
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was calculated from the reducing value of 0.954 y of glucose activity per 
ml., as follows: With the Folin and Malmros method (15) of determining 
reducing values the labile phosphorus esters are not hydrolyzed, since 
the pH is alkaline and the heating time is short. Tests showed no reaction 
with pure ATP or with glucose-1-phosphate. The data on the reduction 
values of hexose diphosphate in the literature have been obtained by more 
drastic methods; it was therefore necessary to determine the reducing 
value of pure hexose diphosphate by this method. Purified hexose di- 
phosphate was obtained from the Schwartz Laboratories, Inc., New York, 
as the barium salt. After the removal of the barium, the ester should 
contain 18.22 per cent organic phosphorus; found 18.26 per cent. The 
hydrolysis curve in 1 N HCl at 100° is identical with that given in the 
literature (18). This pure hexose diphosphate gave a reduction value, 
with the Folin and Malmros method, 9.5 per cent that-of glucose. 

Phosphoglycertc Acid Hydrolysis—The resistant phosphorus (3 hours 
hydrolysis) represents 19.1 per cent of the total organic phosphorus. In 
addition to the phosphoglyceric acids, however, it also contains the pentose 
phosphates from ATP. Data on their resistance (see ATP, above) in- 
dicate that they are 58.7 per cent hydrolyzed in 3 hours. This would 
account for 12.2 per cent of the organic phosphorus of this fraction, leaving 
7.2 per cent presumably due to the phosphoglyceric acids. 

Rapoport Method—Fortunately there is a rather specific and accurate 
method for the determination of phosphoglyceric acids (12). This method 
was modified, adapted to the photoelectric colorimeter, and standardized 
by the use of a sample of pure phosphoglyceric acid obtained from Profes- 
sor W. H. Peterson. Measurement of optical rotation indicated that 95 
per cent of this material was 3-phosphoglyceric acid. There were 46.4 
y of phosphoglycerice acid per ml. of the fraction determined by this method. 
This represents 9.05 per cent of the organic phosphorus of the fraction. 

Physiological Variation—-The organic phosphorus of this fraction (88.8 
per cent ATP, 1.1 per cent hexose diphosphate, 9.0 per cent phosphogly- 
ceric acids) is thus satisfactorily accounted for by the three components 
studied (99.0 per cent). The fraction was also examined for phytic acid by 
the method of Rapoport et al. (13) but none was found. These cells have a 
relatively high ATP content and were very active in the oxidation of sulfur 
(QO. (N) 3590); i.e., they were physiologically ‘‘young”’ cells (cf. Vogler 
(19)). If these cells are allowed to respire until the QO, (N) begins to drop 
(2), there is a decrease in the amount of ATP and an increase in the amount 
of hexose diphosphate. 

Barium-Soluble, Alcohol-Insoluble Fraction (II)—150 ml., contained 
129.2 y of organic P per ml. 

Glucose-1-phosphate (Cori Ester) Hydrolysis—The hydrolysis curve for 
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the entire fraction is given in Fig. 1, Curve C, in which it is apparent that 
acid-sensitive phosphorus is present. This could arise from glucose-|- 
phosphate, phosphopyruvie acid, or unknown constituents. | Phosphopy- 
ruvice acid is probably not present because of the alkali treatment given the 
cells. If the hydrolysis at 7 minutes is calculated as glucose-1-phosphate, 
15.65 per cent of the organic phosphorus is due to this material. This 
value is undoubtedly high, inasmuch as the other esters in this fraction, 
while more resistant to acid hydrolysis, are .much in predominance, and 
hence contribute to the easily hydrolyzable phosphorus. 

Increase in Reducing Value—The reducing value of pure synthetic glu- 
cose-l-phosphate obtained as the potassium salt from Dr. 8. P. Colowiek 
(P content, calculated 9.23 per cent; found 9.03) by the Folin and Malmros 
method was 0 for the unhydrolyzed material and 66.4 per cent that of glucose 
after 7 minutes hydrolysis (calculated upon the basis of the salt of 98 per cent 
purity). Since glucose-6-phosphate and fructose-6-phosphate are already 
reducing without hydrolysis, it would seem that a measure of the 1-ester 
could be obtained by measurement of the increase in reducing value on 7 
minutes hydrolysis (20). The other esters contribute less than | per cent 
of the increased reducing value. If the increase in reducing value after 7 
minutes hydrolysis is calculated as glucose-1-phosphate, 9.92 per cent of 
the organic phosphorus would be glucose-1-phosphate. 

Fructose-G-phosphate (Neuberg Ester)—The total reducing value before 
hydrolysis was equivalent to 95.4 y of glucose per ml. Fructose, determined 
by the method of Roe (10), was equivalent to 107.8 y of fructose per ml. 
This method was standardized by the use of pure fructose-6-phosphate 
(free acid, P calculated 11.9 per cent; found 11.92) obtained from hexose di- 
phosphate by acid hydrolysis, barium separation, and repeated alcohol pre- 
cipitation of the barium salt. Pure fructose-6-phosphate has a reducing 
value of 31.65 per cent that of glucose when not hydrolyzed; hence the 
fructose found in this fraction is equivalent to 34.1 y of glucose per ml., or 
9.94 per cent of the organic phosphorus of this fraction. 

Glucose-G-phosphate (Robison Ester)—If the residual reducing value is 
due to glucose-6-phosphate, this ester constitutes 42.7 per cent of the or- 
ganic phosphorus of this fraction. This is based upon the reducing value 
of pure glucose-6-phosphate (prepared as described below) of 13.2 per cent 
that of glucose. 

To obtain further evidence of the presence of the Neuberg and Robison 
esters, an aliquot of the fraction was subjected to 7 minutes hydrolysis to 
destroy the glucose-l-phosphate, barium fractionation, and alcohol pre- 
cipitation of the barium filtrate. The phosphate from the glucose-1-phos- 
phate was removed in the barium precipitate, the glucose in the alcohol 
filtrate. The reducing value was found to be 98.5 per cent of the value 
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before this treatment; 7.e., the initial reducing value ascribed to the 6-esters 
has remained essentially unchanged by this purification. 

Since glucose-6-phosphate seemed to constitute a large part of this 
fraction, it was isolated as follows: An aliquot of the fraction was hydro- 
lyzed in 1 N HCl at 100° for 12 hours. This destroys all of the glucose-1- 
phosphate and fructose-6-phosphate and most other esters (including pen- 
tose phosphates and coenzymes) together with 25 to 30 per cent of the glu- 
cose-6-phosphate. The hydrolysate was then fractionated with barium 
to remove the inorganic phosphorus and the remaining glucose-6-phosphate 
precipitated from the filtrate with 5 volumes of 95 per cent alcohol. Sev- 
eral alcohol precipitations were employed to purify this material, which 
then showed 30.0 y of organic phosphorus per ml., no inorganic phosphorus, 
and a reducing value equivalent to 35.5 y of glucose per ml. If the phos- 
phorus were all glucose-6-phosphate, the reducing value would be 13.3 
per cent that of glucose. Pure glucose-6-phosphate obtained in a like man- 
ner from a mixture of the monophosphates from yeast (P, calculated as 
glucose-6-phosphate, 11.9 per cent; found 11.83) showed a reducing value 
of 13.2 per cent. Thus the material isolated was glucose-6-phosphate. 
The amount of this ester actually isolated was 27 per cent of that estimated 
to be present. 

Coenzyme I—So far only 62.6 per cent of the organic phosphorus of the 
fraction has been accounted for by the three compounds determined. In 
view of the presence of mannose in the polysaccharide storage product (2), 
it is of interest that the carbazole reaction of Gurin and Hood (14) indi- 
cated that the only hexoses present were fructose and glucose. In these 
determinations it was noted that the absorption maximum was shifted, 
indicating the presence of pentoses. Accordingly, pentose was estimated, 
showing 253 y of pentose per ml. It is also known that coenzymes I and 
II and adenylic acid (or its split-products) ean occur in this fraction. The 
nitrogen content was found to be 80 y of nitrogen per ml. The pentose- 
nitrogen-organic phosphorus relation of this fraction (with phosphorus 
unaccounted for as the phosphorus value) is 150:47.5:28.7, which points 
definitely to coenzyme I (pentose-N-P; adenylic acid, 150:70:31; coenzyme 
I, 150:49:31; coenzyme II, 150:49:46.5). This possibility was not 
studied further. If the pentose content observed was due to coenzyme I, 
40.5 per cent of the organic phosphorus of the fraction was accounted for 
by this material. 

Physiological Variation—lf cells are allowed to respire without sulfur 
until the QO, (N) on sulfur begins to drop, there is a tendency for the 
glucose-1-phosphate to increase. In a sample in which the QO, (N) had 
dropped to 2295, 18.6 per cent of the alcohol-precipitable fraction was glu- 
cose-1-phosphate. It should also be noted that there is a greater quan- 
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tity of monophosphates in these phosphorus distributions than is generally 
found in yeast or muscle and that the quantities of the various esters are 
not in strict equilibrium proportions. 

Barium-Soluble, Alcohol-Soluble Fraction (III)—This fraction, constitut- 
ing 3.43 per cent of the acid-extractable organic phosphorus of the cell, 
could not be further fractionated because of the relatively small amount 
of phosphorus and the presence of accumulated salts. The hydrolysis 
curve (Fig. 1, Curve D) shows that most of the material was relatively 
resistant to acid hydrolysis. 


TaBLe | 
Chemical Composition of Phosphorus Compounds of Thiobacillus thiooxidans 


Fraction P found, per cent of total P in cells 
Acid-insoluble 18.7 
Inorganic .. ats 12.3 
Acid-soluble organic ; 69.0 


Fractions of acid-soluble organic P 


P found, per cent of P found, per cent of total } 
fraction acid-soluble organic 
I. Barium-insoluble. .. 23.7 
Adenosine triphosphate 88.8 21.1 
Hexose diphosphate. . . 1.1 , 
Phosphoglyceric acids 9.0 2.1 
99.0 
II. Barium-soluble, alcohol-insoluble 67 .6 
Glucose-1-phosphate. .. 9.9 8.7 
Glucose-6-phosphate. . 42.7 28.9 
Fructose-6-phosphate 9.9 8.7 
Coenzyme I 40.5 27.0 
103.0 
III. Barium-soluble, alcohol-soluble 
(not further fractionated)... 3.4 
Recovery Te 94.7 
SUMMARY 


A summary of the fractionation of the phosphorus compounds described 
in the text for the autotrophic bacterium Thiobacillus thiooxidans is given 
in Table I. From this it is apparent that a large portion of the acid- 
extractable phosphorus is composed of phosphorylated carbohydrate esters 
identical in chemical properties with those of yeast and muscle. If it is 
granted that the presence of these compounds in an autotrophic cell 
(which has synthesized them from COs, using energy from the oxidation of 
sulfur) means that they play an important réle in the metabolism of this 
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cell, it is possible to conclude that the internal metabolism of the auto- 
trophic cell is markedly similar to, if not identical with, heterotrophic 
tissues. 


This work was supported by the Wisconsin Alumni Research Founda- 
tion. The authors are greatly indebted to Lieutenant D. J. O’Kane, 
whose studies on this problem were terminated by the war, to Dr. 8. P. 
Colowick for the glucose-1-phosphate, to Dr. W. H. Peterson for the phos- 
phoglyceric acid, and to Dr. V. R. Potter for the mixed monophosphate 
esters from veast. 
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FRACTIONAL DISTILLATION OF UNSATURATED FATTY ACIDS 
Il. THE EFFECT OF HEAT ON THE REARRANGEMENTS PRODUCED IN 
UNSATURATED FATTY ACID ESTERS* 

By FRANK A. NORRIS,{ IRVING I. RUSOFF, ELMER 8. MILLER,} ano 
GEORGE O. BURR 


(From the Department of Botany, University of Minnesota, Minneapolis) 
(Received for publication, October 26, 1942) 


In a previous publication (1) we have reported on the heat sensitivity 
of unsaturated fatty esters from cod liver oil as determined by chemical 
and spectroscopic methods. The present communication amplifies and 
extends this work to include the more common unsaturated fatty acids 
found in animal and vegetable fats. 

Throughout all this work the primary aim has been to obtain quantita- 
tive measurements of the amount of change produced in unsaturated esters 
as a result of the heating necessarily involved in their fractional distillation. 
This is best done by noting the increase in absorption at certain wave- 
lengths, 2350 and 2700 A., known to be correlated with the appearance of 
two and three double bond conjugation respectively, since the develop- 
ment of conjugation is probably the most fundamental change involved. 

Measurements of increased light absorption are of little value, however, 
unless they can be compared to some upper limit of absorption. In the 
past this has been done by comparing the specific extinction coefficients 
of ester fractions and residues with those of pure conjugated fatty acids 
containing an equal number of double bonds. Such a comparison is 
likely to be misleading, since it has not been shown to date that heat 
treatment will cause conjugation of all of the double bonds in any given 
unsaturated ester. Rather, it appears that only a relatively small amount 
of conjugation can be produced before polymerization reactions remove 
conjugated material as fast as it is formed. It is necessary, therefore, to 
determine the maximum amount of conjugation attainable under specified 
heating conditions. A measured conjugation of 5 per cent in the pot 
liquid midway through a fractional distillation, for example, may take on 
a new significance if it is found that only a 10 per cent conjugation can be 
produced by the most strenuous heating conditions. For this reason, we 
have studied the effect of time and temperature on the development of 


* Presented in part before the Biological Division at the One-hundred-first meet- 
ing of the American Chemical Society at St. Louis. 

t Present address, General Mills, Inc., Research Laboratories, Minneapolis. 

t Deceased. 
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conjugation in unsaturated esters of cod liver oil; and although, as was 
expected, complete conjugation could not be obtained, the results furnish 
additional information concerning the mechanism of polymerization, and 
lend further credence to Scheiber’s conjugation hypothesis (2). 

In the experimental part which follows the effect of heat on highly un- 
saturated esters of fatty acids, such as are prepared from cod liver oil, is 
taken up first. This is followed by data on the less unsaturated esters of 
fatty acids prepared from linseed oil and linolenic acid. 


EXPERIMENTAL 


Preparation of Unsaturated Methyl Esters of Cod Liver Oil—The esters 
(iodine number 179) used for the heating experiments at 150° and 250° 
were prepared from cod liver oil acids largely freed of solid acids by cooling 
a 10 per cent solution in acetone to —20° and discarding the precipitate. 
Esters of iodine number 176, similarly prepared, were used for the heating 
experiment at 200°. Details of these preparations may be found in 
Paper I (1). 

Heat Treatment of Unsaturated Esters of Cod Liver Oil—These esters 
were heated at 150°, 200°, and 250° in the following way: A suitable 
quantity of the esters was placed in a 2-necked flask equipped with a gas 
inlet tube attached at the bottom. Nitrogen was continually forced 
through the solution and out the long condenser tube in the side neck. 
The central neck contained a thermometer whose bulb was completely 
immersed in the esters. Heating of the flask was effected by means of an 
air bath constructed so as to maintain any given temperature within +3°. 
When a sample was to be removed for analysis, nitrogen was forced down 
the condenser tube until part of the esters was forced down the gas tube 
and up into a small vial. When the sample was removed, the nitrogen 
stream was reversed and the gas once more entered the solution through 
the bottom inlet of the flask. 

Fig. 1 summarizes the data on the iodine numbers obtained on the esters 
heated at the three temperatures. 

It is seen that more than 7 hours are necessary before there is any de- 
crease in iodine number in the esters heated at 150° or 200°. At 250°, 
however, the iodine number drops over 20 units within 1} hours. Also, 
25 hours heating at 150° results in only a 4 unit decrease; a similar time 
at 200° yields approximately a 12 unit decrease, and at 250° a 62 unit 
decrease. Saponification equivalents determined on the esters heated at 
250° were found to increase gradually with time, reaching a maximum at 
68 hours after a 14 unit increase. 

Since the esters heated for 68 hours at 250° appeared to be rather ex- 
tensively polymerized, they were distilled at 1 mm. from a Claisen flask. 
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The bath temperature was allowed to reach 240° at the end, but approxi- 
mately one-third of the total esters remained as a dark and viscous residue. 
Iodine values and saponification equivalents of the distillates increased 
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Fic. 1. Effect of time and temperature on the iodine numbers of unsaturated 


esters of cod liver oil. 


TABLE I 
Distilled Esters of Cod Liver Oil Previously Maintained at 250° for 68 Hours 





Fraction No. B.p. range WijeetOADs (3)) | SS 
°C, 
| 137-147 81.2 276.4 
2 153 | 93.2 299.4 
3 155-160 | 105.3 320.6 
4 160-174 124.5 343.7 
5 178-200 128.2 382.4 





Residue Non-distillable 137.2 366.0 


with the boiling point, as shown in Table I. It is noteworthy that a 
considerable amount of Fraction 5, possessing a saponification equivalent 
indicative of more than a 24-carbon ester, was obtained. In view of 
Hilditch’s data showing that there is less than 1 per cent of 24-carbon acids 
in cod liver oil, the high saponification equivalent might be accounted for 
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by assuming the fraction to contain volatile methyl ester polymers such 
as described by Bradley and Johnston (4). The iodine value of the residue 
is subject to errors arising from substitution reactions (5). We have ob- 
served this before on other polymerized oils. 

Spectroscopic data on the esters heated at the three temperatures are 
presented in Fig. 2. Here only the maxima at 2350 and 2700 A. are given 
in order to conserve space. Absorption at 2350 A. is usually taken as a 
measure of two double bond conjugation, and absorption at 2700 A. as 
a measure of three double bond conjugation. 
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Fic. 2. Effect of time and temperature on the absorption coefficients of unsatu- 


rated esters of cod liver oil. 


It is seen that heating at 150° produces no measurable increase in ab- 
sorption within 25 hours, whereas heating at 200° causes detectable in- 
crease in absorption within 6 hours. In both cases, however, the amount 
of conjugation calculated from the absorption data is negligible. At 250° 
there is a distinct increase in absorption even after 1} hours heating time, 
and after about 5 hours this absorption begins to decrease, indicating the 
removal of absorbing material. This is in agreement with the recent 
findings of Bradley and Johnston (4) which are advanced as additional 
evidence for Scheiber’s hypothesis that fatty acids conjugate before poly- 
merizing. 

As a more critical test of the Scheiber hypothesis, unsaturated esters of 
cod liver oil were subjected to prolonged heating at 250° and absorption 
curves run on the residue remaining after removal of the unpolymerized 
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material by high vacuum distillation. As was expected, prolonged heat 
treatment produced a polymerized residue which possessed a high general 
absorption but lacked any of the maxima characteristic of conjugated 
double bonds. This absorption, then, would appear to be the general 
absorption common to eyclized molecules, and the decreased conjugate 
absorption accompanying polymerization must represent the deconjugation 
process by which polymerization is effected. 

Preparation and Distillation of Unsaturated Methyl Esters of Linseed Oil 

Unsaturated acids of linseed oil prepared by cooling a 10 per cent solu- 
tion of the total acids in acetone to — 40° were esterified, yielding unsaturated 
esters of iodine number 189.0. These esters were distilled through a 
packed fractionating column (1). Chemical and physical constants deter- 
mined on the original esters and on the distillates and residue are recorded 
in Table II. 

The only absorption maxima observed were at 2350 A., and here ab- 
sorption may be considered negligible except in the residue. In the case 
of the latter the low iodine number and high absorption would appear to 
indicate rather extensive chemical changes. A comparable distillation of 
methyl linolenate, however, yields a residue with much less absorption, 
thus leaving unexplained the apparently anomalous behavior of the residue 
from the linseed oil esters. 

From the lack of any absorption maxima at 2700 A. we must conclude 
that the linolenic acid of linseed oil is either entirely unchanged as a result 
of the heat treatment or else, and more likely, only one double bond shifts, 
producing a doubly conjugated system. 

To obtain some idea of the total amount of conjugation produced in 
the distillation of the linseed oil esters the weight of each fraction was 
multiplied by the #14, of that fraction and the total of the resulting “ab- 
sorption indices” compared with the absorption index of the original esters. 
Thus, it was found that approximately a one-third increase in total ab- 
sorption resulted from the distillation. Since the original absorption was 
very low, this increase is negligible. 

Preparation and Fractional Distillation of Methyl Linolenate—The ester 
was prepared by the debromination of hexabromosteariec acid (m.p. 181°) 
according to the method of Kimura (6), and the isolated ester was used 
for fractional distillation without any further purification. The chemical 
and physical constants obtained are recorded in Table III. 

A comparison of the absorption indices reveals no increase in total 
absorption due to distillation, although the fractionating effect of the 
column is illustrated by the concentration of absorptive material in the 
residue and highest boiling fractions. 
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The lack of any absorption maxima at 2700 A. may be taken as proof 
that only one of the double bonds in methyl linolenate shifts so as to 
produce a doubly but not a triply conjugated system. It is also note- 


TaABLe II 
Chemical and Physical Constants of Unsaturated Linseed Methyl Ester Fractions 


lodine No. ¢. = ™ j 

' Heating _B.p. at Wijs- | Saponifi- | Weight ot 2% \bsorption 

Fraction No. time ° i As He- cation rant “4 ‘lcm index® at 
OAc equivalent) “T@C"OP at 2350 A 2350 A 

min  & em 
Original esters 189.0 125.4 5.5 690.0 
l 64 149-156 160.0 284.0 1.732 5.0 8.7 
2 129 156-157 175.3 287 .0 22.872 3.5 80.2 
3 189 157 1IS4.9 288.4 24.972 +.4 109.8 
4 203 158 192.6 287 .3 26.302 5.1 134.2 
5 270 158-159 196.3 287 .6 8 301 7.6 215.0 
6 306 159 196.5 289 .2 14.415 15.2 219.3 
7 (Residue) 143.9 1.961 86.5 169.5 
Total 120.555 936.7 
* Absorption index = 1 of fraction <X weight of fraction. 
TABLE III 


Physical and Chemical Constants of Methyl Linolenate Fractions 


lodine No 


Saponiti 


1 


Absorption 


Fraction No ee r — He cation i ~ F lem index at 
OA equivalent at 2350 2350 
min ( xem 

Original esters 256.8 21.098 5.0 105.5 
l 73 147-150 256.2 0.702 3.1 2.2 
2 SS 151-152 256.0 2.676 73 7.2 
3 108 151-152 = =258.0 289.2 2.744 2.9 8.0 
i 148 151 258 .6 290.1 7.694 3.8 29.3 
5 193 150 258 .2 289.6 1.327 5.6 24.1 
6 200 150 258.0 0.972 7.3 7.1 
7 (Residue ) ().474 30.0 14.2 
19.598 92.1 


Tot al 


worthy that in this case the 
of the linseed ester residue, 


as pointed out earlier. 


absorption of the residue is much less than that 











Fractions 3, 4, and 5 possessed an iodine number approximately 99.1 per 
cent of theoretical as well as a saponification equivalent 99.1 per cent of 
theoretical, and data from other similar distillations reveal fractions of 
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theoretical saponification equivalent with iodine numbers over 99.1 per cent 
of theoretical. This is contradictory to MecCutcheon’s recent report (7) 
that methyl linolenate has an iodine number only 98.8 per cent of theo- 
retical. 

DISCUSSION 

When unsaturated fatty acids or their derivatives are heated, there is 
some rearrangement of isolated to conjugated double bonds, the extent 
of which depends upon the degree of unsaturation of the fatty acid moiety 
as well as the time and temperature involved. Apparently all of the double 
bonds are not equally affected, since spectroscopic observations on heat- 
treated highly unsaturated acids from cod liver oil indicate only three 
double bond conjugation and purified methy! linolenate only the two double 
bond type. 

Conjugation is only one step in the polymerization process, however. 
The highly reactive, conjugated double bonds undergo further change, 
probably by a Diels-Alder type reaction, to produce polymers devoid of 
conjugation. Added reagents and the nature as well as the presence or 
absence of solvent are probably important in this connection, since 
apparently a much greater concentration of conjugated material can 
be produced by high temperature saponification than by heating alone at 
the same temperature (8). 

It follows, then, that a measurement of the amount of conjugation in a 
thermally polymerized oil can reveal only the concentration of conjugated 
material existing at the time of measurement without giving any hint as 
to the amount of material which may have passed beyond the conjugation 
stage. In the ordinary vacuum fractional distillation, of course, the quan- 
tity of residue left in the pot probably represents the maximum amount 
of material that may be polymerized, since it alone is non-volatile. Pro- 
longed heating at high temperatures (300°), however, may produce volatile 
polymers in some cases (4). 

Scheiber’s theory (2) that isomerization of non-conjugated to conjugated 
double bonds is a prerequisite for heat polymerization is thus seen to be 
entirely consistent with recent experimental work. It accounts for the 
spectroscopic observation of conjugation, the increased refractive index, the 
splitting of iodine from Wijs solution, and the ability of heat-treated un- 
saturated fatty acids to add maleic anhydride under the conditions of the 
diene number determination. Furthermore, it is consistent with our 
observation that iodine numbers determined with 0.4 N Hanus solution 
(reported to react quantitatively with conjugated double bonds (9)) de- 
crease more slowly than those determined with the standard Hanus solution 
which reacts incompletely with conjugated double bonds. 
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SUMMARY 


Fatty acids containing up to three double bonds are fairly resistant to 
the heat treatment involved in a vacuum fractional distillation. The more 
unsaturated types are less resistant to heat, the effect varying with time and 
temperature. 

Only two double bond conjugation was observed in heat-treated methyl 
linolenate, and only three double bond conjugation in the more unsaturated 
esters of cod liver oil. 

As thermal polymerization proceeds, conjugation first increases and then 
diminishes, the decrease paralleling the increased polymerization observed. 
Polymers freed from all but traces of monomers exhibit only general ab- 
sorption, probably resulting from cyclization. ‘This is in agreement with 
Scheiber’s hypothesis that polymerization occurs through some deconjuga- 


tion process. 
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In our studies on the effect of a toxie fraction, obtained from Salmonella 
enteritidis (1), on the blood sugar level of mice, we were faced with the 
problem of determining the blood sugar in as little as 0.01 ml. of blood. 
A survey of the literature showed that many excellent methods were avail- 
able for the determination of glucose with 0.1 ml. of blood, but with the 
minimal quantities of blood which were at our disposal only the method of 
Kirk (2) was available. At that time it was felt that the special equipment 
and technique required for this method made it undesirable for our pur- 
pose. A study was therefore undertaken to develop a method which would 
permit the quantitative estimation of glucose in as little as 0.01 ml. of blood, 
with only the equipment generally found in a biochemical laboratory. 

In recent years various modifications of the Folin and Malmros (3) 
colorimetric method for the estimation of glucose in blood have been pub- 
lished (4-7). We have carefully investigated this method, hoping to adapt 
it to the quantity of blood available in our studies. The results obtained, 
however, were not reproducible from day to day. This is in agreement 
with the findings of Saifer et al. (4) and of Klendshoj and Hubbard (5). 
These authors did obtain reproducible results, however, when sodium 
cyanide was omitted from the alkaline ferricyanide reagent and Duponol 
was substituted for gum ghatti as the stabilizer of the Prussian blue. 
Jeghers and Myers (6) as well as Reinecke (7), on the other hand, report 
good reproducibility, using sodium cyanide as well as gum ghatti in their 
respective methods, which also are adaptations of the Folin and Malmros 
method to smaller amounts of blood. 

The potentiometric method for the estimation of glucose was first 
demonstrated by Shaffer in 1929 (8). The same method was used in- 
dependently by Wood (9) in a physicochemical study of the reducing action 
of glucose. The theoretical aspects and the technique of this method are 
adequately discussed by Wood (9) and by Shaffer and Williams (10) and 
for that reason will not be repeated here. Suffice it to say that the ad- 
vantages of this method make it a very useful tool in studying the reaction 
between alkaline ferricyanide and glucose but the disadvantages of this 
method limit its usefulness as a method for routine blood sugar deter- 
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minations. In the present study repeated use was made of the potentio- 
metric method, particularly in investigating the effect of cvanide upon the 
reduction of ferricyanide by glucose. 

When the amount of ferricyanide reduced by glucose in blood sugar de- 
terminations is estimated by titration, it is either done indirectly as in the 
Hagedorn and Jensen method (11) or directly as in the cerimetrie ferri- 
cyanide methods of Miller and Van Slyke (12) and of Heck, Brown, and 
Kirk (2). Of the two types of methods the latter seemed to be more 
adaptable to small amounts of glucose than the former, because it permitted 
the use of relatively high concentrations of ferricyanide in the reagent, 
This is highly desirable, since not only is the range of glucose concentra- 
tions increased over which the reagent will give a linear response, but the 
sensitivity of the reagent also is increased (9). Furthermore, the well 
known properties of ceric sulfate make it a particularly useful reagent for 
carrying out oxidations in very dilute solutions. 

In cerimetric titrations the end-point is usually detected by the use of an 
oxidimetric indicator; thus Heck et al. use o-phenanthroline, and Miller 
and Van Slyke use setopaline C, as indicator. Where applicable, the use 
of an oxidimetric indicator is the most convenient method of detecting the 
equivalence point. When one is working with extremely dilute solutions 
of ferrocyanide in the presence of relatively high concentrations of highly 
colored ferricyanide, however, the addition of a quantity of indicator 
sufficient to produce a noticeable color may introduce a significant indi- 
cator error, and, at best, an undesirably large blank. It is not necessary, 
however, to use a chemical indicator in oxidimetric titrations. The equiv- 
alence point can be determined in several other ways. Among these the 
classical potentiometric titration method gives very accurate results, but 
unfortunately the time required to carry out a single determination is so 
long as to make the method unsuitable for use in routine glucose deter- 
minations. The elegant differential titration method of MacInnes and 
Jones (13) did not work satisfactorily in our hands with the extremely 
dilute solutions which were encountered. Miiller’s method of titration 
to the equivalence point (14), on the other hand, proved to be quite satis- 
factory. It is the purpose of this report to outline the points concerning 
the application of this method to the quantitative estimation of as small 
amounts of glucose as one would find in 0.01 ml. of blood. 

When a solution, containing both ferricyanide and ferrocyanide in con- 
centrations which will be encountered in a blood sugar determination, is 
titrated electrometrically with ceric sulfate and the r.M.F. is plotted against 
the ml. of ceric sulfate added, a curve such as Curve 1, Fig. 1, is obtained. 
In Curve 2, Fig. 1, the same data are plotted with ml. of ceric sulfate added 
as abscissa and the quotient, change in F.M.F. per 0.01 ml. of ceric sulfate 
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added, as ordinate. The equivalence point is at the peak of the curve, 
where the quotient is largest. 

Since in routine titrations one is solely concerned with finding the equiv- 
alence point, the actual potentials during the titration being of secondary 
value, Miiller (14) has modified the titration in the following manner. The 
potential of the equivalence point for the particular oxidimetric titration 
having been determined empirically, an £.M.F. equal to this potential is 
switched into the circuit. The titrating reagent is added in small incre- 
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Fig. 1. Potentiometric titration of 1 ml. of K,Fe(CN)s>, approximately 8 K 10~ 
M, in the presence of K;Fe(CN)¢, approximately 2.5 X 107° m, with Ce(SO,)s, 8.48 
x 10-*'m. Curve 1 shows the change of E.m.F. in the critical part of the titration. 
Curve 2 shows the change in the quotient E.m.F. per 0.01 ml. of Ce(SO,). added during 


the same part of the titration. 


ments and after each addition the circuit is momentarily closed by means 
of the usual tap key. When after the addition of a small amount of the 
titrating agent the galvanometer no longer shows any deflection, the end- 
point of the titration has been reached, for now the potential of the cell is 
equal to that of the equivalence point of the system. By means of this 
simple modification the tedious balancing of the circuit is dispensed with, 
as is the time-consuming plotting of results. 

Objections have been raised against the Miller method of titrating to 
the equivalence point (14). Thus it is pointed out that polarization of the 
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electrode may occur during the titration. If, however, a sufficiently high 
resistance is placed in series with the galvanometer or if a well constructed 
vacuum tube, null point instrument is used, there is no need for polarization 
to occur. Another objection which has been raised against this method is 
that often the potential does not become constant immediately after the 
addition of the titrating agent. It was found, however, during hundreds 
of titrations of ferrocyanide with ceric sulfate that the potential became 
constant instantly, except in the immediate proximity of the equivalence 
point. While these objections may influence the results when the highest 
precision is to be desired, it is doubtful whether they influence the results 
of blood sugar determinations significantly, since other unavoidable errors 
will be considerably larger. 


EXPERIMENTAL 


Reagents— 

Potassium ferricyanide solution. Dissolve 0.8231 gm. of potassium 
ferricyanide of highest purity in water and dilute to 500 ml. _ If stored in 
brown glass-stoppered bottles, it will keep for at least a week. 

Sodium carbonate-chloride solution. Dissolve 17.5 gm. of sodium 
chloride and 31.8 gm. of anhydrous sodium carbonate in water and dilute 
to 500 ml. For use, mix equal volumes of the ferricyanide solution and the 
sodium carbonate-chloride solution. This alkaline ferrievanide reagent 
should not be kept longer than a day. 

Ceric sulfate solutions. 6.0 gm. of anhydrous Ce(HSO,),; are dissolved 
in 0.5 N sulfuric acid to make 500 ml. The solution is accurately stand- 
ardized and diluted to a 0.02 N solution. If kept in a glass-stoppered bot- 
tle, it will keep its titer for at least 3 months. 

For use, dilute 2.0 ml. of the above stock solution and 4 ml. of 1:1 sul- 
furie acid to 100 ml. The resulting solution will be 4.0 K 10~ N in ceric 
sulfate. It should be prepared fresh twice a day. 

Copper sulfate solutions. Prepare a stock solution by dissolving 0.70 
gm. of CuSO,-5H,0 in water and diluting to 100 ml. For use, dilute 5 ml. 
of the stock solution to 100 ml. with water. 

Sodium tungstate solutions. Prepare a stock solution by dissolving 
10 gm. of Na2WO,-2H,0 in water and diluting to 100 ml. For use, dilute 
2 ml. of the stock solution to 100 ml. with water. 


Procedure 


Deproteinization—The proteins can be removed from whole blood by 
means of tungstie acid, as described by Reinecke (7), 2.5 ml. of the dilute 
tungstic acid and 0.01 ml. of blood being used. The method of Shaffer 
and Williams (10) may also be employed, again half quantities of both 


bloa 
sulfs 


js a 











gh 
ed 
on 


he 














F. L. HUMOLLER 285 


blood and precipitants being used. An adaptation of the Somogyi copper 
silfate and sodium tungstate method (15) was found to be quite suitable. 

Place 2 ml. of the dilute copper sulfate solution in a centrifuge tube. 
The blood, measured in a capillary pipette, calibrated to contain 0.01 ml., 
isadded to the copper sulfate solution, and the pipette rinsed several times 
by drawing the solution into the pipette and blowing it out again. Next 
0.5 ml. of the dilute tungstic acid solution is added. The contents of the 
tube are well mixed and then centrifuged. 

In thin walled shell vials, 70 X 21 mm., place 2 ml. of the “filtrate” or 1 
ml. of the “filtrate” and 1 ml. of water. To each vial add 1 ml. of the alkaline 
ferricvanide reagent. Mix the contents of the vial thoroughly and close 
the mouth of the vial with a glass bulb or marble. At the same time a 
number of blanks are prepared by substituting water for the “filtrate.” All 
vials are placed in a wire basket and spaced about } inch apart. The 
basket is then placed in a vigorously boiling water bath for 10 minutes. At 
the end of the heating period the vials are placed in a container of cold tap 
water for about 3 to 5 minutes. Then 1 ml. of 15 per cent sulfuric acid is 
added to each vial. 

The vial is clamped in a titration stand and a platinum electrode, a 
motor-driven glass stirring rod, the modified tip of a 2 ml. Koch micro 
burette (16), and the side arm of a saturated calomel half cell are introduced 
into the vial. Wires lead from the cell to the usual potentiometer-gal- 
vanometer hook-up with the exception that a 8.P.8.T. switch is placed in 
series with the galvanometer. A 0.3 megohm resistance is shunted across 
the terminals of the switch, so that if it is thrown into the “off” position 
the resistance is in series with the galvanometer. By throwing it into the 
“on” position the resistance is removed from the circuit. The latter posi- 
tion is used only in the close proximity of the equivalence point. The type 
of instruments actually used was a type K Leeds and Northrup poten- 
tiometer and the familiar enclosed lamp and scale type galvanometer. 
These instruments were used simply because they were available; other 
types of instruments may work as well and some will work more satisfac- 
torily. The sole purpose of the potentiometer is to furnish a current of 
0.7 volt, the potential of the system at the equivalence point. Any other 
source of an E.M.F. which will furnish this potential can replace the poten- 
tiometer. 

The titration is carried out in the following manner. ‘The stirrer is 
started and a small increment of the dilute ceric sulfate is allowed to run 
into the solution in the vial. The tap key is momentarily depressed and 
the magnitude of the deflection of the galvanometer noted. With very 
little practice one is able to judge from this deflection whether or not the 
next increment of ceric sulfate should be larger or smaller than the first. 





286 TITRIMETRIC ESTIMATION OF GLUCOSE 
TABLE | 
Th 
Analyses of Defibrinated Beef Blood by Proposed Method ta 
ti Total Total va 
Blood : Method of Blood Glucose 
No. Method of protein pptn. analysis sugar added — pa) re 
| mg. mg. még 
per cent percent percent \™8- ber cent fir 
1*  Tungstic acid Proposed 111.9 th 
Folin-Wu 104.0 ne 
2° Zine hydroxide Proposed 78.8 be 
Folin-Wu $1.2 . 
3* Copper sulfate-sodium Proposed 69.3 lis 
tungstate Folin-Wu 71.6 
of 
4 Copper sulfate-sodium Proposed | 44.5 100 147.6 143.0 0 
tungstate 42.0 142.1 
| 44.6 144.0 P 
42.6 140.1 W 
| 41.2 140.0 th 
| 43.2 139.2 - 
Average | 43.0 142.1 tl 
a 
5 Copper sulfate-sodium Proposed 74.8 | 200 269.0 | 275.7 fc 
tungstate 74.9 269.0 P 
77.0 | 269.0 
76.2 268.2 
Average 75.7 268.8 
6 Copper sulfate-sodium Proposed 78.5 120.7 | 199.0 | 199.3 7 
tungstate 78.1 | 197.0 | \ 
78.5 | 197.2 I 
79.3 199.0 | R 
78.5 197.0 | c 
Average 78.6 197.8 . 
: I 
7t | Copper sulfate Proposed 79.4 120.7 | 198.9 199.5 i 
79.4 199.0 
78.2 195.2 
78.8 198.2 
78.4 197.0 1 
' =I : ( 
Average 78.8 197.6 ) 
7 , Mae ( 
* The values given represent the averages of six determinations. 
+ The samples of Blood 7 were the corresponding parts of Blood 6 which had been | 
kept in the freezing compartment of the refrigerator for 18 hours. ) 
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The titration is thus continued by adding small amounts of reagent and 
tapping the key after each addition. At the equivalence point the gal- 
yanometer will show no deflection or a slight deflection in the opposite di- 
rection. 

The blanks are titrated in exactly the same manner, except that the 
first increment of ceric sulfate added should be quite small. Subtracting 
the average blank titration from the titration of the sample will give the 
net titration from which the amount of glucose present in the sample can 
be calculated. The results obtained with various samples of blood are 
listed in Table I. 

Calculations—1 ml. of 4 K 10-* N Ce(SO4)2 = (4 & 10-7)/K equivalents 
of glucose or = (7.2 X 10°*)/K mg. of glucose in the sample titrated. If 
0.01 ml. of blood is diluted to 2.5 ml. (actually 2.51 ml.) in removing the 
proteins and 2.0 ml. of the filtrate are used in the determination, then this 
will represent 0.8 of the 0.01 ml. of blood ; therefore, the burette reading minus 
the blank X 900/K = mg. per cent of glucose. If only 1.0 ml. of filtrate is 
used in the determination, the formula becomes the burette reading minus 
the blank & 1800/K = mg. per cent of glucose. K is the glucose equiv- 
alent of the alkaline ferricyanide reagent. In this laboratory the value 
for K for the reagent given in this report was found to be 4.82, with a stand- 
ard error of 0.104. 

DISCUSSION 

In selection of an alkaline ferricyanide reagent of suitable properties the 
studies of Van Slyke and Hawkins (17), Shaffer and Williams (10), and 
Wood (9) proved to be of great value. In agreement with these authors 
it was found that decreasing the alkalinity of the reagent increased the 
sensitivity; that is, increased the value for the glucose equivalent, but de- 
creased alkalinity also increased the time required for the oxidation of the 
glucose to reach completion. The results obtained with three different 
reagents of varying alkalinity but constant ferricyanide content are shown 
in Fig. 2 to illustrate this point. 

It will be noticed that in the case of Reagent 1 the reaction is completed 
within 3 minutes and the glucose equivalent, although the lowest for the 
three reagents, remains constant even with prolonged heating. The glu- 
cose equivalent of Reagent 2 is higher than that of Reagent 1, but the 
reagent reacts much more slowly. Heating for about 10 minutes is re- 
quired before the glucose equivalent becomes constant. Reagent 3 is the 
most sensitive reagent, but it also reacts most slowly. When these re- 
sults are evaluated, it should be borne in mind that they were obtained with 
relatively low concentrations of glucose, 4 y per ml. If the concentration 
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is increased, the reaction will be slowed up in all cases. This fact, often 
neglected by investigators, has been stressed by Wood (9). It is of par. 
ticular importance in work with reagents of low alkalinity. 


GLUCOSE EQUIVALENT 





° Ss 10 15 20 
TIME IN MINUTES 


Fic. 2. Time curves showing the effect of varying the alkalinity upon the glucose 
equivalent of ferricyanide reagents. Reagent 1, NasCO; (0.3 m), NaCl (0.3 ): 
Reagent 2, Na,CO; (0.4 m), NaHCO, (0.2 m); Reagent 3, NasCO; (0.3 m), NaHCO, 
(0.3m). The potassium ferricyanide concentration in all three reagents was 2.5 X 
10-*m. In all cases 2 ml. of a glucose solution, containing 4 y of glucose per ml., and 
1 ml. of the alkaline ferricyanide solutions were used 
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Fic. 3. Effect of varying the glucose concentration upon the alkaline ferricyanide 
reagent, expressed in terms of ml. of ceric sulfate used to titrate the ferrocyanide 
formed. The heating time in all cases was 8 minutes. If 2 ml. of a 1:250 blood fil- 
trate are used, 4 y of glucose per ml. correspond to a blood sugar value of 100 mg. 
per cent. 


In order to determine the response of Reagent 1 to higher concentrations 
of glucose, varying amounts of glucose were heated with the reagent for a 
fixed period of 8 minutes. The results, as plotted in Fig. 3, show that under 
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these conditions the reagent gave a linear response with amounts of glucose 
as high as 48 y (higher concentrations of glucose were not tried). For 
routine analyses a heating time of 10 minutes was chosen to be quite 
certain that the oxidation of glucose is complete, even with the highest con- 
centration of glucose which one might reasonably expect. In view of the 
fact that with Reagent 1 the heating period can be extended to 20 minutes, 
as shown in Fig. 2, without affecting the glucose equivalence factor, the 
choice of a 10 minute heating period for routine analyses is justified. 

In a recent publication Reinecke (7) has described the use of an alkaline 
ferricyanide reagent containing sodium cyanide for the determination of 
glucose in very small amounts of blood. Wood (9) has investigated the 
effect of cyanide upon the oxidation of glucose by ferricyanide and found 
that the addition of cyanide increases the glucose equivalent of the reagent 
and that this increase in reducing action shown by glucose is not shown by 
non-glucose reducing substances found in tungstic acid filtrates. Yet he 
cautions against the use of cyanide in an alkaline ferricyanide reagent until 
further studies have been made, because in the presence of cyanide the 
glucose equivalent of an alkaline ferricyanide reagent varies with the ratio 
of the cyanide to glucose concentration. Saifer et al. (4) also have inves- 
tigated the use of cyanide in alkaline ferricyanide reagents for the determi- 
nation of blood sugars. They found that the inclusion of cyanide in the 
reagent affected the reproducibility of the results. 

In the present investigation the effect of cyanide upon the glucose equiv- 
alent was also studied, the potentiometric method of Shaffer and Williams 
(10) being used. When reagents of the same composition and the same 
concentration as those employed by Wood (9) were used, his results were 
confirmed in all respects. However, when much lower concentrations of 
alkaline ferricyanide and correspondingly lower concentrations of glucose 
and cyanide were used, it was found that the addition of cyanide did not 
change the glucose equivalent of the reagent, even when the ratio of moles 
of cyanide to moles of glucose was 10, a ratio which gave the maximum 
increase with the more concentrated reagents. When the amount of 
ferrocyanide formed in the oxidation of glucose was estimated colorimet- 
rieally by an adaptation of the Folin and Malmros method (3), the results 
were not reproducible. Whether or not this was due to the sodium cyanide 
or to the gum ghatti used was not investigated. In order to conserve space, 
the protocols dealing with the potentiometric and colorimetric studies on 
the effect of cyanide are not included in this report. 


SUMMARY 


A cerimetric titration method for the estimation of small amounts of 
glucose has been described. 
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It was found that the Miller principle of titrating to the equivalence 
point is a convenient method of detecting the end-point in the case of very 
dilute solutions of potassium ferrocyanide and ceric sulfate. 

With tungstic acid filtrates the proposed method gives somewhat higher 
blood sugar values than the Folin-Wu method. With zine hydroxide and 
with copper sulfate-sodium tungstate filtrates it gives about the same values 
as does the Folin-Wu method with these filtrates. 

The recovery of glucose added to blood is 98.5 per cent. 


The author takes this opportunity to express his gratitude for a Grant- 
in-Aid from the American Academy of Arts and Sciences, Permanent Sei- 
ence Fund, which in part has supported the author’s studies on the bio- 
chemistry of a toxin prepared from Salmonella enteritidis. The present 
report deals with a part of these studies. 

The author is also greatly indebted to Professor W. R. Tweedy for his 
valuable advice and his helpful criticism. 
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INFLUENCE OF LINOLEIC AND PALMITIC ACIDS OF THE 
DIET ON SYNTHESIS AND STORAGE OF FATTY 
ACIDS IN THE WHITE RAT* 


By FRANK E. VISSCHERT ann RALPH C. CORLEY 


(From the Laboratory of Biochemistry, Department of Chemistry, Purdue University, 
Lafayette) 


(Received for publication, November 30, 1942) 


The composition of the fat of the animal body appears to be rather 
characteristic of the species. The fatty acids are recognized to have 
several origins. They may be those of the diet, those synthesized from 
‘arbohydrates and proteins, and those formed by interconversion from 
other fatty acids. 

The present study was directed primarily toward a consideration of this 
third possibility, to ascertain what fatty acids would be stored following 
the addition of palmitic acid to a basal ration quite low in lipids. For 
control the fatty acids stored by rats continued on the basal ration were 
determined. 

Since rats require, for normal growth and normal metabolism, linoleic 
acid or certain other unsaturated fatty acids, it has also seemed desirable 
to have additional experiments in which the basal ration was supplemented 
not only with palmitic acid but also with linoleic acid. 

Male albino rats taken shortly after weaning were fed for 45 days on a 
lipid-low basal diet (Diet I). This diet contained casein (extracted with 
fat solvents) 20, extracted yeast (Harris, fat-free) 10, salt mixture 3 (1), 
and sucrose 67 per cent. By analysis the casein was found to contain 0.5 
per cent, the yeast 1.2 per cent, and the diet not more than 0.25 per cent 
of fatty acids. By the end of the period all the rats showed definite signs 
of the Burr and Burr syndrome, with scaly hind feet, ridged and scaly 
tail, waxy ears, and a reduced rate of growth. 

Group A (eight rats), continued on the basal ration, consumed during 102 
days about 1100 gm. of this diet each. Growth ceased after about 85 
days. The average weight reached was 179 gm. 

Group B (seven rats), continued on Diet II, identical with Diet I except 
that 5 per cent of palmitic acid replaced an equal amount of sucrose, ceased 
growing after about 85 days, but reached an average weight of 186 gm. 
The symptoms of deficiency were milder than those of the control group. 


* Based on a doctoral thesis, Purdue University, 1940. 
t Present address, Carnegie Institution of Washington, Department of Genetics, 
Cold Spring Harbor, Long Island, New York. 
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On an average 545 gm. of Diet Il were consumed by each rat during the 
second period of 54 days. 

Each animal in Group C (eight rats), continued on Diet II, received, 
until the 88th day, a weekly supplement of 3 drops (about 100 mg.) of 
methyl linoleate. These animals grew more rapidly than the others and 
continued to grow, though slowly, to the end. The average weight reached 
was 211 gm. The symptoms of deficiency became milder, although several] 
rats exhibited somewhat scaly tails throughout. During the second period 
of 54 days, an average of 590 gm. of Diet II was ingested. 

The diets of all the animals were supplemented weekly with purified 
fat-soluble vitamins. Vitamin A was supplied as carotene (330 1.v. per 
week), vitamin D as irradiated ergosterol (50 1.u. per week), and vitamin 
E as the unsaponifiable matter from 1 gm. of wheat germ oil per week. 
Sterols and traces of fatty acids were removed from the latter preparation 
according to the method of Mackenzie, Mackenzie, and McCollum (2), 

At the end of the experimental feeding period, the rats were allowed to 
fast for 24 hours and then were anesthetized and sacrificed. The kidneys 
and livers were discarded and the remainder of each carcass prepared for 
extraction by grinding in a meat chopper. Abundant mesenteric fat was 
present. 

Extraction and Analysis of Carcass Lipids—The carcass lipids were 
removed by exhaustive extraction with low boiling fat solvents. Methyl 
alcohol, used first, served to dehydrate the carcasses. Extraction was 
continued until no more than a gm. of lipids was extractable by covering 
the ground rats with acetone and refluxing for 3 hours. A final extraction 
was made with ether. 

The lipid extract was carefully saponified by adding in two portions a 
minimum amount of potassium hydroxide, in order to avoid alteration of 
linoleic acid. Unsaponifiable matter was removed by ether extraction 
of the alkaline solution. After acidification, the fatty acids were removed 
by extraction with ether. The fatty acids were separated into liquid and 
solid fractions by the method of Twitchell (3). They were esterified by 
refluxing with 10 times their weight of anhydrous methy! alcohol containing 
5 per cent of concentrated sulfuric acid. The esters were freed of methyl 
alcohol, washed with distilled water, then with dilute sodium carbonate 
solution, and finally with water. They were fractionated at a pressure of 
about 1 mm. of Hg in a 4 foot Fenske column patterned in general after 
that of Longenecker (4). 

Iodine number determinations on the large samples were made by the 
method of Wijs with a halogenation period of } hour in the dark. For the 
smaller samples of 2 gm. or less, the method of Trappe (5) was used. The 
determination of the average molecular weight of the fatty acids in the 
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methyl esters was accomplished by direct titration of the isolated fatty 
acids. 

Calculation of Results—The calculation of the percentage composition 
from the equivalent weights of the fatty acids and the iodine numbers of the 
methyl esters was accomplished by apportioning the weight of a given 
sample between two or three fatty acids. Methods of calculation have 
been described by Harper et al. (6) and by Channon et al. (7). Because of 


















































TABLE I 
Detailed Analysis of Methyl Esters of Acids from Rats of Group A, Grown on Fat-Low 
Diet 
Equiv Saturated Unsaturated 
Fraction No, |Weight | Iodine} alent, |——7——7-—7; | | 77a 
of acid| Cy Cu Cis Cis Cu Cis Cis Cro leic 
acid 
gm. gm. gm. gm. gm. gm. gm. gm. gm. gm. 

S-1 1.22} 1.32} 229.4 1.17| 0.05 

8-2 0.67; 3.1 | 242.1 0.36} 0.31 

8-3 23.25} 2.7 | 257.7 21.41] 1.17 0.67 

S-4 6.73) 2.8 | 257.5 | 6.23) 0.30 0.20 

8-5 0.79} 4.6 | 260.4) 0.64) 0.11 0.04 

S-6 2.29] 29.0 279.1) | 0.32] 1.19 0.78 

8-7 1.45} 24.0 283.0) 0.05) 0.99 0.41 

S-8 1.22] 13.8 | 283.6) 0.02) 1.00 0.20 

L-] 1.07| 29.7 | 225.9) 0.06) 0.66) 0.35) 

L-2 0.58) 42.4 | 234.4 | 0.33} 0.10} 0.15 

L-3 | 14.99) 82.0 | 255.5 | 1.84 12.61| 0.54 

L-4 | 0.98] 69.3 | 259.5) | 0.25 0.57| 0.16 

L-5 26.27] 85.9 | 283.0) 26.17 0.10 

L-6 | 25.11] 84.8 | 281.9) | 25.06 0.05 

L-7 | 1.56] 78.9 | 279.0) | | 0.15 1.41 

L-8 | 1.68] 85.9 | 284.3) | | 1.68 

L-9 3.11}113.0 | 298.1 | | | 1.37] 1.74 

| 5 | | et? © 

Total /112..97| 0.06} 2.52i31.27 4.76) 0.45/14. 24)57.78) 1.74) 0.15 
Mole % 0.07) 2.60 29.03) 4.00) 0.47|13.33/48.99| 1.34) 0.13 


the comparatively pure fractions obtained, the following simplified method 
was employed. In the fractions with iodine numbers less than 40 the 
iodine number was ascribed to the unsaturated acid of the same chain 
length as the principal component of the fraction. The difference between 
the theoretical equivalent weight of the principal component and the ob- 
served equivalent weight was ascribed to the adjacent saturated acid with 
an even number of carbon atoms. In the unsaturated (liquid) acid analysis 
when the iodine number was greater than 40 a similar method was em- 
ployed. The difference between the theoretical equivalent weight of the 
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principal component and the observed equivalent weight was again 
ascribed to the adjacent unsaturated acid with an even number of carbon 
atoms. Then a calculated iodine number was determined from the 
theoretical iodine numbers of the adjacent unsaturated acids, depending 
on their respective abundance in the fraction. If the observed iodine num- 
ber was higher than this caleulated value, the difference was ascribed to 
linoleic acid. If it was lower, the difference was ascribed to a saturated 
acid of chain length equal to that of the shorter of the two unsaturated 
acids. A second approximation was occasionally necessary in determining 
the calculated iodine number when the amount of the saturated acid was 
appreciable. 

Table I presents data obtained from Group A. Table II presents a 
summary of the results obtained with all three groups. 


TaB_e II 
Summary of Fatty Acid Analyses in Mole Per Cent 
Group A was on a fat-low diet; ¢ iroup B received 5 per cent of the diet as palmitic 
acid; Group C received } drop daily of linoleic acid in addition to 5 per cent of the 


diet as palmitic acid. 


Group Group Group Beanieentel astibe Group “ee ose 


Saturated acids 


Lauric 0.1 0.1 0.1 letradecenoic 0.5 0.6 0.5 
Myristic 2.6 2.2 2.5 Hexadecenoic 13.3 18.0. 15.8 
Palmitic 29.0 29.0 26.6 Octadecenoic 9.0 44.2 48.1 
Stearic 4.0; 3.9 1.2 Linoleic 0.1 0.7 1.4 
Arachidic 0.2 Cao 1.3 0.7 1.2 
Total 35.7 | 35.2 | 33.6 Methyl esters, gm 113 112.7 164.5 


Analysis of Fecal Lipids The feces of the rats receiving palmitic acid 
were collected and extracted with ether and acetone to determine the lipid 
content. The lipids were separated into free fatty acids, esterified fatty 
acids, and unsaponifiable matter. The total lipids extracted from the 
collected feces of the rats of Group B weighed 56 gm. and contained 48 
gm. of free fatty acids of average molecular weight 273 (palmitic acid = 
256), and iodine number 5.8, while those from Group C weighed 35 gm. and 
contained 29 gm. of free fatty acids of molecular weight 272 and iodine 


number 5.5. 


Results 


The rats of Group A raised on a diet quite low in lipids, containing 
10 per cent of brewers’ yeast, synthesized moderately large amounts of 
fatty acids, averaging 13 gm. per rat. The rats (Group B) receiving in 
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addition 5 per cent of palmitic acid deposited approximately the same 
amount of fatty acids. The rats (Group C) receiving in further addition 
about 100 mg. of methyl linoleate weekly exhibited about half again as 
large an amount of fatty acids. 

The relative amounts of the several saturated fatty acids in the three 
groups were essentially the same. The somewhat lower percentage of 
palmitic acid in Group C, while suggestive, is not now taken to have 
definite significance. It is interesting to note that the animals receiving 
palmitic acid showed more of the palmitoleic acid than the controls. 
Whether the differences in the values for the animals in Groups B and C 
are characteristic, further work will have to establish. 

The results here reported provide no evidence that the addition of 5 
per cent of palmitic acid to an otherwise fat-poor diet affects the relative 
amounts of the various fatty acids stored in the body of the white rat. 
While it is conceivable that the administered palmitic acid was oxidized 
at once, this appears improbable in the light of Schoenheimer and Ritten- 
berg’s (8) conclusion that, “the largest part of the diet fat, even when it is 
present in small quantities [less than 5 per cent], is deposited in the fat 
tissues before it is utilized.”” Presumably therefore the ingested palmitic 
acid is transformed to a mixture of fatty acids essentially the same as that 
synthesized on a diet low in lipids. The further addition of linoleic acid 
to the diet does not change the picture qualitatively, although the storage 
of fat was increased considerably. 


SUMMARY 
The kinds of fatty acids stored by the rat were essentially the same on a 
diet low in lipids as on this diet supplemented with 5 per cent palmitic 
acid, with or without additional linoleie acid. 
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A NOMOGRAPHIC REPRESENTATION OF CERTAIN 
PROPERTIES OF THE PROTEINS 


By JEFFRIES WYMAN, Jr., ann ELIZABETH N. INGALLS 


(From the Biological Laboratories, Harvard University, Cambridge) 
(Received for publication, October 28, 1942) 


Of the various properties of the proteins that which may well be ranked 
first, both because of its intrinsic importance and the amount of study 
which it has received, is molecular weight. Moreover this basic property 
stands in a central and coordinating position in relation to many others. 
This is apparent from a consideration of the methods by which it may be 
determined. The principal ones are those based on (1) chemical analysis, 
(2) osmotic pressure, (3) dialysis with a graded series of calibrated mem- 
branes, (4) x-ray determination of the dimensions of the unit cell in the 
erystal, (5) sedimentation equilibrium, (6) sedimentation velocity, (7) 
diffusion constant, and (8) relaxation time. Method 1 yields only a 
minimum value of the molecular weight, but has the advantage that it is 
independent of other considerations and is often susceptible to great pre- 
cision. Method 2 has been one of the principal sources of knowledge, but 
is complicated by the corrections arising in connection with the Donnan 
equilibrium. These involve electrometive force measurements, a knowl- 
edge of activity coefficients, and in some cases of the amphoteric properties 
of the protein. Method 3 gives qualitative results only, serving at best 
simply to place a given protein in relation to others. Method 4 provides a 
maximum value of the molecular weight, in conjunction with a knowledge 
of the density of the erystal and the water of hydration. Method 5 
gives results which, after correction for the effects of diffusible ions, in 
case the protein is not isoelectric, are independent of all other properties 
of the protein save the partial specific volume. Method 6 gives results 
which can be interpreted in terms of molecular weight only in connection 
with information regarding a translational frictional ratio in addition to a 
knowledge of the partial specific volume. Nevertheless, it has probably 
vielded more information than any other method, and has the advantage 
of contributing additional information regarding the homogeneity of the 
protein. Method 7 yields information which can be interpreted in terms 
of molecular weight only on the basis of a knowledge of the same frictional 
ratio, as well as of the partial specific volume. This frictional ratio may 
itself be interpreted in terms of hydration and shape. As is well known, 
however, Methods 6 and 7 may be combined in such a way as to eliminate 
the troublesome frictional ratio. Method 8 yields results which, like 
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those based on sedimentation and diffusion, may be interpreted only with 
the aid of additional knowledge of a frictional ratio, this time, however, a 
rotational frictional ratio. This ratio may in turn also be interpreted in 
terms of hydration and shape. 

These considerations indicate the way in which, from an operational 
point of view, the property of molecular weight is bound up with various 
other properties. Through the molecular weight, or otherwise, there are 
mutual implications involving all these, such that a knowledge of one is 
contributory to a knowledge of the others. In this study we shall attempt 
to exhibit certain of these interrelations by means of a particularly effective 
type of nomogram, an alignment chart. Specifically, we shall concern 
ourselves with molecular weight, sedimentation constant, diffusion con- 
stant, frictional ratio, hydration, shape, and relaxation time. In addition 
to these we shall introduce one other property, not immediately related 
to the molecular weight but closely involved with two others, hydration 
and shape, which are themselves more directly connected with molecular 
weight. This property is the viscosity increment, defined below (see 
Equation 12). Such a nomographic treatment serves to present in a 
readily comprehensible form a set of complicated relations, involving 
many variables, which otherwise remain difficult to visualize. In this 
respect it offers a more compact and legible picture of the situation than 
that provided by such Cartesian contour charts, valuable and illuminating 
as they are, as those given by Oncley (4). Moreover, it makes it possible 
to represent together on a single sheet, or two sheets, different experimental 
findings on a given protein, and to synthesize them into a consistent 
picture of the molecule in question. 


Fundamental Equations 
In order to construct such a nomogram as we propose it is necessary to 
set down systematically the various equations involving the different 
properties as variables. To facilitate this we introduce at this point the 
following table of symbols. 


m = weight of a single molecule of the protein 

M = si ** «© gm. molecule of the protein 

N = Avogadro’s number = 6.025 X 10% 

s = sedimentation constant 

S$ = reduced sedimentation constant; gives the ideal value of s for an infinitely 
dilute aqueous solution at 20 

k = molecular gas constant = 1.380 X 107'® erg per degree 

T = absolute temperature 

¢ = concentration of protein in gm. per ce. 

d = density of the solution 


doo - ** water at 20° = 0.9982 
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partial specific volume of the protein 
vs > . ot hes ” in an infinitely dilute aqueous solution 
at 20° 

water of hydration, expressed as volume fraction of the unhydrated molecule 

force of friction encountered by a single molecule moving with unit transla- 
tional velocity through the medium 

ideal value of f caleulated by treating the molecule as an unhydrated sphere 

diffusion constant = k7'/f 

reduced diffusion constant; gives the ideal value of D for an infinitely dilute 


aqueous solution at 20 


= radius of the protein molecule, regarded as a sphere 


ratio of the two axes of the hydrated molecule, regarded as an ellipsoid of 
revolution; transverse axis divided by axis of revolution 

viscosity of the solution 

" ‘* water at 20° = 0.01009 
increment. See Equation 12 below. This is the same as the quan- 

tity denoted by v by Simha 

relaxation time for a moment parallel to the axis of revolution of the molecule 
regarded as an ellipsoid of revolution 

relaxation time for a moment perpendicular to the axis of revolution 

ideal value of the relaxation time of the molecule regarded as an unhydrated 
sphere 

rotational frictional constant 

ideal rotational frictional constant of the molecule regarded as an unhydrated 


sphere 


We begin with the basic equation involving the sedimentation constant. 


This may be written as 


(1) 


8 


_ fs me uF 
~ (L— ad) fy °° (1 — d) 


m 


fy is given by the Stokes equation 


(2) 


fo => 6xnr 


At the same time m is given by 


(3) 


4 
m = ~ ar/d 


Combination of Equations 1, 2, and 3 gives 


(4) 


m? = 1622 : + 7s? f ' 
(i— sd" \fo 


This equation may be rewritten as 


(5) 


; D2 B (1 — Bd)* 7° f 
N2m? = [16222N2 noo? — ——._ — 33 |{ — 
thle wea tale (1 — od)? ZG 
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° ° : . fi. ‘ 

If we introduce numerical values, identify so with the second expression 

in brackets (this in fact constitutes the definition of so), and take the 
square root of both sides, Equation 5 becomes 


(6) M = 2.442 x 108 fs! i(f) 
pall Wbosieny (1 — 0.9982.) ©” fo 


A corresponding expression may be derived for the diffusion constant D. 
We start with the basic equation 


(7) peye ss 


If we combine this with Equations 2 and 3, we obtain 


fe (kT)? 


f? = 1622? n? mo 


D = 


or, introducing Avogadro’s number and rearranging, we get 


(8) v= fo\’ N23 T'43 neo? B29 T3 
| ; f 1622? N? n29° B20 n 1D? Tx? 


Substituting numerical values and identifying 1/D2° with the expression 
in brackets (this constitutes the definition of Do), we obtain 


o\? l 
(9) M = 2.428 < 107" f) 
SJ] De? i 


/ 


We now have the task of setting down the expression for f/fy in terms 
of the hydration A and axial ratio p. In doing this we shall assume that the 
molecules may be adequately treated as ellipsoids of revolution. If we 
introduce f’) to denote the ideal value of the frictional constant for the 
hydrated protein molecule, regarded as a sphere, we may write 


(10) Ludo 

fo fio fo 
From Equation 2 we see that f’o/fo = (1 + h)'. f/f’> may be obtained 
from the equations developed by Perrin (6) for prolate and oblate ellip- 
soids. We shall denote it by ¢(p). We write therefore as the over-all 
equation 


(11) S14 bh) gp) 


fo 
Tables giving numerical values of ¢(p) calculated from Perrin’s equations 
for both prolate and oblate ellipsoids are given by Svedberg and Peder- 


sen ((8) p. 41). 
We pass now to the viscosity increment B,. This is defined in terms of 





ion 
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the relative viscosity »/m, » denoting the viscosity of the solution, 
that of the solvent, by 


(12) B, = (: ” i)/e 
no 


It is thus directly determinable by experiment, but the significant value 
of B, is that extrapolated to infinite dilution. Now the value of (n/m — 1) 
can be shown theoretically to depend only on the shape of the dissolved 
particles and the volume fraction c’ which they occupy in solution. 


(13) ( rn 1)aye 
nHO 


where y¥ is a function of the shape. If we introduce the hydration h 
(expressed as a volume fraction) 


(14) ce’ = ci(l + h) 


and the equation becomes 


(15) (2-1)=¢-00+m 


uit 
For spheres, Einstein has calculated the value of y as 2.5. Other investiga- 
tors have dealt with the value of y for ellipsoids. In particular Simha 
has given equations which express ¥ as a function of p for ellipsoids of 
revolution, both oblate and prolate. If we treat the molecules as ellipsoids 
of revolution, therefore, we can write 
(16) B, = (1 + h)-v(p) 
Tables giving values of ¥(p) calculated from Simha’s equations are now 
available (3). 

Finally we turn to the equations for the relaxation times. For a spherical 
particle the relaxation time is defined in terms of the rotational frictional 
constant ¢ by the relation 
(17) ¢ = ¢/2kT 
f is given by Stokes as 
(18) ¢ = 8xnr 
and is seen to be proportional to the volume of the sphere. 7 is a measure 
of the time required for a set of spherical particles initially lined up as 
regards some fixed direction in each to revert to a random distribution. 
In the case of a set of spherical molecules having an electric moment, the 
relaxation time gives rise to the phenomenon of dielectric dispersion in- 
volving a single critical frequency. It may be obtained from determina- 
tions of this frequency. 
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For bodies other than spheres the situation is more complicated. The 
frictional coefficient depends on the axis about which the rotation takes 
place and it is no longer possible to speak of a single relaxation time. The 
case of an ellipsoidal particle has been treated in detail by Perrin (5), 
For an ellipsoid there are three relaxation times, one corresponding with 
each of the three principal axes. Each of these is given by an expression 
of the same form as that for the single relaxation time of a sphere; eg,, 
tT, = {x/2kT. The meaning of the subscripts requires explanation. 7, 
refers to the orientation of axis 1, and {3 is the harmonic mean of the 
frictional coefficients for rotations about the two other principal axes, 
Corresponding to each of these three relaxation times there will be a critica] 
frequency in the case of polar ellipsoidal molecules whose electric moment 
has a component along each of the three axes. 

In the case of ellipsoids of revolution, two of the frictional coefficients, 
and consequently two of the relaxation times, become identical. Perrin 
discusses this case at length and evaluates the ratio of each of the two 
frictional coefficients to that of a sphere having the same volume as the 
ellipsoid. These two ratios are given as functions of the axial ratio p of 
the ellipsoid (length of the transverse axis divided by the length of the 
axis of revolution). From them he at once obtains the two ratios 1/1 
and t2/7> which express respectively the relaxation times for moments 
parallel and perpendicular to the axis of revolution divided by the relaxa- 
tion time of a sphere of equal volume. 

If we treat the protein molecules as ellipsoids of revolution, we can 
make use of these results of Perrin to express the two relaxation times in 
terms of molecular weight, axial ratio, and hydration. To do this we write 
(19) nese r 

To To 

introducing 7’) to denote the ideal relaxation time of the hydrated molecule 
regarded as a sphere, and rp that of the unhydrated molecule regarded as a 
sphere. From Equation 18 it follows that r’o/7». = 1 + A and from Equa- 
tions 3 and 17 and 18 

3nmi 
(20) ro = kT 
7,/7'y is given as a function of p by the results of Perrin.’ We shall denote 
it by x(p); therefore, 

Mo 

(21) m1 = xi(p)(1 + A)3n WET 

1 There is a misprint in Perrin’s paper (5). In the second of Equations 95 the 
expression (2b? — a?) in the denominator on the right should be (a? — 2b). In the 
second of Equations 96 and of 96 bis the corresponding expression (2p? — 1) should be 


(1 — 2p?). 
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As in the case of sedimentation and diffusion constants it is desirable to 
yse a reduced value of the relaxation time. For this purpose we rewrite 


Equation 21 as 


20 20 T 3n20 Min 
‘ aoe mS Moo 
(22) (r)20 = 11 nb Tx NET a xi(p)(1 + h) 


Then, introducing numerical values, we obtain finally 
(22’) (r1)20 = 1.2421 K 107" G2M xi (p) (1 + A) 
The same expression applies to 72 with a change of subscript 
(23) (r2)oo = 1.2421 K 107 %G29.M x2(p) (1 + h) 


According to Perrin we adopt the convention that 7 refers to the relaxation 
time for a moment parallel to the axis of revolution, and 72 to that for a 
moment perpendicular to the axis of revolution. 


Construction of Nomograms 


The equations that we are concerned with in the construction of the 
nomogram are Nos. 6, 9, 11, 16, 22’, and 23. These may be rewritten in 


logarithmic form as follows: 


) ndetd (529)! 3 we 
(24) log M- (22.3877 + log i a 0.998289)! + 2 log 829 } — 2 08 5. = 0 
, es - f 
(25) log M + (13.6148 + 3 log Doo + log b0) + 3 log = () 
0 
. — 
(26) log - a log (1 + h) — log ¢(p) = 0 
(27) log B, — log (1 + h) - log ¥(p) = 0 
(28) (log (71). — log d9 + 11.9059) — log M — log (1 + h) — log xi(p) = 0 


0 


li 


(29) (log (12) — log G9 + 11.9059) — log M — log (1 + h) — log x2(p) 


There are six of them and it will be seen that they contain ten variables: 
so, Doo, M, f/fo, B20, By, (71)20, (72)20, h, p. A knowledge of any four of these 
variables therefore serves to determine the remaining six, subject to the 
applicability of the equations. Of these ten variables seven, namely 
8», Doo, M, b, B,, (7120, (72)20, are capable of experimental determination; 
and, except for the fact that the partial specific volume is involved in the 
other six, they are capable of independent determination, for the molecular 
weight, which is the only apparent exception, may be estimated independ- 
ently of the rest from a combination of osmotic pressure measurements, 
chemical analysis, and x-ray studies. Of the remaining three variables, 
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h is susceptible to estimation from experiment but is in general not go 
accurately measurable as the others. p and f/fy are not determinable 
except in terms of the other variables on the basis of the above equations, 
From all this it is clear that questions of consistency are certain to arise 
for proteins for which many experimental data are available and that the 
most reliable and complete picture of the characteristics of the molecule 
will be obtained by interrelating the results. As we have said, a nomo- 
graphic representation of the situation helps greatly to settle questions of 
consistency and to present in a comprehensible way the somewhat complex 
relationships involved. 

Consideration of the six equations in logarithmic form shows that they 
are all linear in functions of each of the ten variables. This renders them 
particularly well suited to representation in terms of an alignment chart. 
Let us begin with Equations 24 and 26. These involve six of the variables, 
but if we associate two of them by introducing a parameter we reduce the 
number to five. These may then be represented by a simple type of 
double alignment chart, in which the scales are all straight parallel lines, 
the pivot scale being also the scale for one of the variables. Such a double 
alignment chart is in reality nothing but a combination of two single 
alignment charts, each involving three variables, which have one scale in 
common. In order to carry this into effect we treat the expression in 
parentheses in Equation 24 as a new variable, ¢. Then Equation 24 
becomes 


Loo 


3 
(30) log M — o — -log 
2 “fo 


This equation may be represented by a simple alignment chart with straight 
parallel scales. We are at liberty to choose the spacing and graduation 
of two of these scales at pleasure; the position and graduation of the third 
scale is then fixed. The main consideration in the choice is to keep the 
chart reasonably compact and to have the working length of each scale 
approximately the same. In view of this, the following choice of scales 
proves satisfactory, each scale being specified in terms of the x and y co- 
ordinates of a point on the scale. 


Scale r v 
0 +5 (5/4)e0 — 5 
M +4 log M — 4 


S/fo 0 (15/2) log f/fo 
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ns, 


he 
ile 
0- 
of 
eX 











J. WYMAN, JR., AND E. N. INGALLS 305 


That this choice gives an alignment chart which satisfies the equation in 
question may be verified by evaluation of the determinant 


5 (5/4)o — 5 l 
} log M — 4 1 
0 (15/2) log f/fo l 


This provides for the first half of the double alignment chart, which lies 
to the right of the pivot seale in Fig. 1. 

The same considerations lead to the following choice of seales for the 
alignment chart for Equation 26, which constitutes the other, left-hand, 


half of the nomogram. 


Seale rz 7] 
S/fo 0 (15/2) log f/fo 

p —7/5 6 log ¢(p) + 3/5 

h —7 —10 log (1 +h) +3 


It should be noted that the p seale is double valued, one set of values corre- 
sponding to prolate ellipsoids (9 < 1) and the other to oblate ellipsoids 
ie > 2) 

We are not of course directly interested in the parameter ¢, but only in 
the variables dx and sx» on which it depends. To any value of ¢ there 
corresponds an infinite number of pairs of values of these variables, and to 
any pair of these there corresponds a single value of ¢. It is possible to 
introduce s and ds into the alignment chart by means of contours. For 
this purpose we require three families of contours, one for s2, one for dz9, 
and one for ¢. Two of these may be chosen at will and the other then 
follows, although of course any choice must be such that the o contours 
intersect the o scale in accordance with the already fixed graduation of 
that scale. We may conveniently choose the « contours as horizontal 
straight lines, perpendicular to the o scale. Similarly we choose the dx 
contours as straight evenly spaced vertical lines parallel to the o scale. 
The sx contours are then fixed and have the appearance shown in Fig. 1. 
In the alignment chart it is unnecessary to draw in the o contours. The 
appropriate point on the o scale is obtained simply by projecting the point 
given by the intersection of the corresponding s2 and 2 contours on the 
a scale. If either so or dx is known, the other follows on the same basis 
when a point on the o scale is fixed. It will be noticed that the contour 
for ix, = 0.74 coincides with the o seale of the alignment chart. 
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It is a very simple thing, on the basis of Equation 25, to add to the right- 
hand half of the nomogram a seale in connection with contours which 
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Fig. la anpbb Nomogram for sedimentation constant (s), diffusion constant (D), 
partial specific volume (4), molecular weight (/), frictional ratio (//fo), viscosity 
increment (B,), axial ratio (p), and hydration (h). Values of those variables which 


depend on temperature are for 20°. 


gives Dy». The position and graduation of this seale are of course fixed by 
the previous choice of the scales for MW and f/fy. For this purpose we treat 
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denote this expression by 4, the 6 scale is found to be given by the equations 
x = 20/7, y = —(5/7)6 — 20/7. The 6 and dx contours are chosen as 
horizontal and vertical lines respectively. 

We now have to consider the possibility of adding a scale for the viscosity 
increment on the basis of Equation 27. Since Equation 27 involves only 
h and p in addition to B,, this seale should belong to the left-hand half of 
the alignment chart. In general it would not be possible to add a seale 
for the viscosity increment, but, owing to a particularly simple relation 
between ¥(p) and o(p), the problem becomes solvable. It is found, namely, 
that although ¢(p) and ¥(p) are both complicated functions of p, neverthe- 
less log ¥(p) is linear in log ¢(p) for both prolate and for oblate ellipsoids 
to a high degree of approximation, probably well in excess of that involved 
in treating the molecules as ellipsoids of revolution. For prolate ellipsoids 
the relation is expressed by log ¥(p) = 0.398 + (3.92 + 0.01) log ¢(p) and 
for oblate ellipsoids by log ¥(p) = 0.398 + (3.06 + 0.01) log ¢(p). Values 
of log ¥ calculated from these equations agree with the values given by 
Simha to approximately | per cent or better in the case of oblate ellipsoids 
and 2 per cent or better in the case of prolate ellipsoids as p varies from 
| to 100 or 1/100. If we make use of these equations in connection with 
Equation 27, we obtain, for prolate ellipsoids (log B, — 0.398) — log 
(1 + h) — 3.92 log ¢(p) = 0 and for oblate ellipsoids (log B, — 0.398) — 
log (1 + h) — 3.06 log ¢(p) = 0. The choice of seales for h and p having 
been already made, two scales are fixed for B, in accordance with these 
equations, one for prolate, the other for oblate, ellipsoids. The equations 
of these scales are as follows: prolate, « = —0.3879, y = 1.8079 log » — 
0.5533; oblate, x = —0.0343, y = 2.442 log » — 0.9572. 

Thus we obtain the double alignment chart shown in Fig. |. This 
embodies the relations contained in Equations 24, 25, 26, and 27, and con- 
sists of eight scales and associated contours. Of these the f/fy scale is the 
common scale which serves as pivot and belongs to each of the two single 
alignment charts of which the nomogram is composed. The WV, s, and D 
scales (with associated contours) belong to one of these component charts; 
and h, p, and two B, scales to the other. It should be realized that it is 
only the relative spacing of the seales from the f/f) seale in each single align- 
ment chart which is of significance; thus since x = 0 for the f/fy seale, the 
values of x which define the positions of the other scales in each half of the 
nomogram are of relative significance only and may be multiplied by any 
desired factor irrespective of what is done for the seales of the other half 
of the nomogram. This self-evident proposition might be justified formally 
by invoking the properties of determinants. 

Unfortunately no simplifying relationship between xi(p), x2(e), and 
v(p) makes it possible to include either 7; or 7: in the alignment chart we 
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have just been discussing. Indeed, from the point of view of constructing 
an alignment chart, the situation as regards Equations 28 and 29 is not 
very satisfactory. If we regard (71)20/80, (72)20/b90, M(1 + h), and p 
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Fic. 3. Ratio of the two relaxation times (7/r2) as a function of axial ratio (p) 
for oblate and prolate ellipsoids, calculated from the equations given by Perrin. 


as the variables, we have two equations for the determination of four un- 
knowns, only two of which can therefore be independent. If the nature 
of the relationships were suitable, it would be possible to construct a simple 
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single alignment chart with four scales. This would in fact be possible 
if log xi(p) were linear in log x2(p). Such, however, is not the case, these 
two functions being extremely complicated, and indeed in certain ranges 
double valued. However, a fairly satisfactory representation is possible 
in terms of a double alignment chart. This is shown in Fig. 2 in which 
the (1 + /) seale is a common seale, which also serves as the pivot scale. 
One-half of Fig. 2 then corresponds to Equation 28 and contains scales 
for (ri) and p; and the other half corresponds to Equation 29 and has 
scales for (72x and p. The unusual thing about the chart lies in the fact 
that there are two separate scales for p, one in each half. One of these is 
graduated on the basis of xi(p); the other on the basis of xe(p). As in the 
ease of all double alignment charts, the state of the system is represented 
by two straight lines which intersect on the pivot scale (7(1 + h) seale). 


TABLE I 


Definition of Seales of Alignment Chart for Relaxation Times and Related Properties 


x (relative 


Scale values) y 
V —1 { 0.9 log M — 2.88 
h —10 } —9 log (1 + h) + 2.7 
Vil + A) 0 log MQ + h) — 3.5 
0.74 
t, X 0.74/68 +1 0.6 log (.. - ) + 4.6667 
v 
pail ( : 0.74 pe 
tr. X 0.74/35 +] 0.73 log | rz — + 6.2317 
| v 
p(for 7) 2.5 1.5 log xi(p) — 1.1377 
(re) 3.704) 2.704 log x2(p) 


Ordinarily this would mean that three variables must be specified to fix 
the state of the system. In the present case, however, owing to the fact 
that there is a scale for p in each half of the nomogram, only two variables 
need be specified: these may be any two of the four quantities 17(1 + h), 
(riJoo, (72)o0, and p. If these happen to be (71)20 and (72)o0, it may require 
a number of trials to fix the position of two straight lines which intersect 
on the W(1 + h) seale, cut the (7))o and (72)o seales correctly, and in- 
tersect the two p scales at corresponding points; 7.c., points giving the same 
value of p. This difficulty is overcome by reference to Fig. 3 which gives 
in the form of a graphical table values of 7/72 in relation to p. 

It should be noticed that there are two general possibilities, one for the 
assumption that the molecules are prolate ellipsoids, in which case we must 


? We speak of the two “halves” of the chart for convenience. Actually the seales 
of the two single alignment charts both lie on the same side of the pivot seale. 
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identify 7, with the longer relaxation time, the other for the assumption 
that the molecules are oblate ellipsoids, in which case we must identify 
r; with the shorter relaxation time. However, the nature of the functions 


Taste II 
Pe rrin’s Functions for Ratios of the Two Re laxation Time sof an Ellipsoid oO} Re volution 
to the Relaxation Time of a Sphere of Equal Volume 
p denotes axial ratio; x,(p) applies to the relaxation time for a moment parallel 
to the axis of revolution; xe(p) applies to the relaxation time for a moment perpen- 


dicular to the axis of revolution. 


Oblate ellipsoids Prolate ellipsoids 
p xp xp v xi\p x2\p 
l l l l l I 
1.1 0.9863 1.013 0.9 1.028 0.994 
1.2 0.9831" 1.030 0.843 1.051 0.992* 
1.3 0.9876 1.049 0.8 1.077 0.993 
V/2 l 1.077 V0.5 1.151 l 
1.5 1.013 1.100 0.7 1.156 1.001 
2 1.132 1.256 0.6 1. 287 1.020 
3 1.465 1.626 0.5 1.505 1.050 
} 1.843 2.026 0.4 1.893 1.094 
5 2.240 2.437 0.3 2.670 1.156 
6 2.635 2.845 0.25 3.395 1.190 
7 3.056 3.271 0.2 1.642 1.226 
Ss 3.47 3.69 0.15 7.103 1.259 
10 +. 305 4.534 0.1 13.369 1.295 
12 5.14 5.37 0.09 15.85 1.301 
14 6.00 6.22 0.08 19.10 1.307 
15 6.407 6.649 0.07 23.86 1.312 
16 6.82 7.05 0.06 30.95 1.317 
IS 7.67 7.91 0.055 36.3 1.319 
20 8.520 8.768 0.05 $1.82 1.321 
30 12.74 13.01 0.045 50.0 1.323 
10 16.98 17.25 0.04 61.06 1.325 
wD 21.24 21.49 0.035 77.45 1.327 
60 25.47 25.74 0.03 100.1 1.328 
70 29.72 29.98 0.025 138.4 1.330 
SO 33.90 34.23 0.02 203.0 1.331 
90 38.0 38.47 0.015 338.8 1.332 
100 $2.44 12.71 0.01 694.7 1.333 


* Minimum. 


x: and x2 is such that for oblate ellipsoids 7; and 72 never differ by more 
than about 10 per cent, regardless of p. It is doubtful whether at the 
present time there are any experimental results good enough to warrant 
resolution in terms of two relaxation times so close together. If only 
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one relaxation time is observed (as for example in the case of hemoglobin) 
this in itself may mean either that the molecules are oblate and of almost 
any axial ratio or that they are prolate but nearly spherical or that they 
are of any axial ratio but with the electric moment parallel to one of 
the axes. 

In making the actual choice of scales for this alignment chart we have 
made the 7 and 7, scales coincide, each being a single valued scale. In 
reality these scales are for (71)20 X 0.74/d20 and (r2)oo X 0.74/02, 0.74 being 
close to the mean value for the partial specific volume for proteins.’ Varia- 
tions in partial specific volume for different proteins being relatively small, 
it seems unnecessary to introduce a set of contours as in the case of sedi- 
mentation and diffusion constants. 

We have also introduced into the alignment chart two additional scales, 
one for h and one for M on the basis of the relation 


log M + log (1 +h) = log M(1 +h) 


Actually this converts it into a triple alignment chart but introduces very 
little extra complexity and adds considerably to the convenience of the 
nomogram. 

The definition of all the scales is given in Table I. 

Table II gives numerical values of x; and x: in relation to p, calculated 
from the equations given by Perrin for both oblate and prolate ellipsoids. 
It is interesting to observe how the values of these functions pass through 
minima, less than unity, for axial ratios different from 1. 


Illustrations 


In concluding we shall illustrate the use of these nomograms by one or 
two examples, beginning with myoglobin. Theorell, soon after he isolated 
this protein in 1932, undertook a study of its molecular weight in the 
centrifuge (9). Preparations of myoglobin from kidney of the horse and 
skeletal muscle of the cat were found to be monodisperse in the centrifuge 
at pH greater than 6 and had a value of so = 1.9 to 2.1 X 10°. In con- 
trast to this, certain preparations of myoglobin from horse hearts appeared 
to contain two components, at pH greater than 6, one with 8 2 107", 
and the other with sx» 2 4 X 10°“, although other preparations from horse 
hearts were monodisperse with sx» = 2 X 10°%. Measurements of the 
diffusion constant were made on the more slowly centrifuging material. 


, ; : : . 0.7 
* This really means that we rewrite Equation 28 in the form (log(r:)20 — 
20 


0.74 
log 0.74 + 11.9059) — log M — log (1 + A) and treat (71) 20 3, 288 variable in place of 
20 


(r:)20. The same is true of (r2)20. 
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The values obtained for Do varied between 5.2 and 11.7 X 10 ‘, corre- 
sponding to a range of molecular weight from 16,000 to 34,000. Ewquilib- 
rium measurements in the centrifuge gave a molecular weight of about 
35,000 for myoglobin prepared from horse kidney, but equilibrium measure- 
ments on myoglobin from horse hearts indicated that the material was 
polydisperse with a molecular weight ranging from 36,700 to 58,740, 
Further equilibrium measurements on other preparations of horse myo- 
globin gave values of the molecular weight from 8500 to 17,000, but these 
very low values were attributed to breakdown of the molecules as a result 
of bacterial action. Still other equilibrium measurements in which toluene 
was added gave M = 33,000. Some time later (1937) Polson ((8) p. 376) 
renewed the study of horse myoglobin and found s». = 2.04 x 10", 
in agreement with many of the earlier results, but obtained Do = 11.3 X 
10°’. This would mean a molecular weight of 16,900. Polson also made 
equilibrium measurements on the same material and found the molecular 
weight to be 17,500. Still more recent studies have added to the data on 
myoglobin. In 1940, Roche and Vieil (7) carried out osmotic pressure 
determinations of myoglobin from the skeletal muscle of the horse and 
found M = 16,850. In 1942, Marey and Wyman (2) studied the dielectrie 
properties of metmyoglobin from horse hearts. Their dispersion curves 
indicate a single relaxation time corresponding to 7259 = 3.1 X 10°. In 
the course of this work Marcy and Wyman also had occasion to measure 
the viscosity of the protein in aqueous solution at 25° and a concentration 
of 2.32 gm. per 100 cc. The results, obtained with an Ostwald viscosimeter, 
give n/n = 1.0759. If we use Theorell’s value of 0.741 for the partial 
specific volume of the protein, this gives a viscosity increment of 4.42. 
Actually the value to be used in the nomograms is the limiting value of the 
viscosity increment at zero concentration. By analogy with other proteins 
we may expect this to be lower than that obtained at any finite concentra- 
tion, and the effect in the present case should amount to perhaps 5 per cent 
or more. If we assume that the viscosity obeys the empirical Arrhenius 
equation n/n = a”, where a and b are constants and c is the concentration 
of the protein in gm. per cc., it follows that (d In /m)/de = blna = a con- 
stant, independent of concentration. 6 In a, however, is nothing but the 
limiting value approached by the indeterminate form (n/m — 1)/e as ¢ 
goes to zero. On this basis the limiting value of the viscosity increment 
may be estimated as 2.303 log 1.0759/(2.32 & 0.741) = 4.25. The correct 
value of B, therefore should be close to 4.2. 

The observed values of the various quantities may be entered on the 
two nomograms. ‘The results are shown in Fig. 4, in which each point or 
range of values is accompanied by a letter corresponding to the observer. 
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Fic. 4. Representation of the data on myoglobin. Observations of various 
investigators are indicated by initials as follows: 7, Theorell; P, Polson; R, Roche 
and Vieil; M, Marey and Wyman. The straight lines represent the state of the 
molecule, in regard to all the data. Lines marked p correspond to the hypothesis 
of prolate ellipsoids; those marked o to that of oblate ellipsoids. 


It is of course necessary to enter the viscosity increment on each of the two 


scales, one for oblate, the other for prolate, ellipsoids, since we have no 
way of knowing the shape of the myoglobin molecules in advance, although 
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the absence of two distinct relaxation times suggests that they are not 
highly elongated. We also enter the relaxation time twice, once as 7; once 
as 72, although it is possible that the electric moment coincides with one 
of the two principal axes of the molecule, in which case the corresponding 7 
drops out of the picture. Unfortunately nothing is known directly about 
the hydration of myoglobin, although by analogy with hemoglobin it 
might be expected to be about 20 per cent by weight, corresponding 
to h = 0.27. 

It will be seen from Fig. 4 that a fairly consistent picture is obtained by 
regarding the myoglobin molecule as a prolate ellipsoid of revolution with 
an axial ratio of 1/2.5 = 0.40 and with its electric moment approximately 
parallel to the long axis, so that 7. drops out. The adjusted values of the 
various quantities are then as follows: sx = 2.0 X 10%, Dx» = 11.5 x 
10°’, M = 16,500, B, = 3.7, (11)20 = 3.1 X 10°, p = 1/2.5 = 0.40, h = 0.1, 
f/fo = 1.11. It would be impossible to reconcile the results with the 
assumption of an electric moment parallel to the short axis. On the other 
hand an almost equally satisfactory interpretation would be to regard the 
molecule as a flattened ellipsoid with an axial ratio of 3.6. The adjusted 
values of the various quantities are then as follows: sx» = 2.0 X 107%, 
Ds = 10.3 X 107’, M = 18,000, B, = 4.1, (71) = 3.0 X 107°, (72) = 
3.3 X 10°, p = 3.6,h = 0.1, f/fo = 1.8. Between these alternatives there 
is really no strong basis for decision. One thing, however, is clear. The 
viscosity data absolutely rule out the possibility of a sedimentation con- 
stant of 2 x 10°” and a molecular weight much above 19,000. 

The significance of viscosity measurements is brought out by this nomo- 
graphic treatment. Since the scales for B, and f/fy nearly coincide in the 
case of oblate ellipsoids, a knowledge of the viscosity increment is practi- 
cally equivalent to a knowledge of f/fo. Thus, for oblate ellipsoids, the 
viscosity increment serves as well as the diffusion constant to fix the molec- 
ular weight in connection with the sedimentation constant. In the case 
of prolate ellipsoids, an exact knowledge of the viscosity increment and a 
rough estimate of h serve to fix f/fo. For example, if B, is 4, f/fo only 
varies from approximately 1.65 to 1.7 when h varies from 0.1 to 0.3. It 
thus appears that viscosity is a more significant quantity in connection 
with determinations of molecular weight than has often been realized. It 
is in many ways more amenable to exact measurements than the diffusion 
constant. 

Our first example of the use of the nomograms has been one of the more 
confused cases. As a second example let us take hemoglobin, which is one 
of the best characterized of all the proteins. Its molecular weight, based 
on analytical data, is 66,700; that based on osmotic pressure is 67,000; 
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that obtained from equilibrium studies in the centrifuge is 68,000. It 
shows a single relaxation time, 7%» = 9.6 X 10°. Values of the other 
quantities are as follows: sx = 4.41 X 10-* (4), Do = 6.9 * 107 (4), 
joy) = 0.749 (4), B, = 5.1 (4), hk = 0.4 (1). With the aid of the two align- 
ment charts, the situation may be interpreted on the basis of either of the 
following compromises. 

Prolate Molecules, Moment Perpendicular to Long Axis—s» = 4.41 X 
10°", Do = 6.5 X 10°", M = 65,000, B, = 4.9, (72) = 9.5 X 10%, p = 
1/2.7 = 0.37, h = 0.4. 

Oblate Molecules—s» = 4.41 X 10°", Dx = 6.5 X 107’, M = 65,000, 
B, = 4.6, (r1)00 = 11 X 10™*, (72)20 = 13 X 10°, p = 2.7,h = 0.4. 

If we adopted the oblate interpretation, we might assume that the 
component of the moment corresponding to 72 is negligible. 

As a final example we take the case of edestin, a protein somewhat less 
well characterized than either of the others we have been considering. 
Direct measurements of the molecular weight of this protein are not avail- 
able. According to Oncley (4), the dielectric constant data are resolvable 
in terms of two relaxation times, 77 = 286 X 10°, tm = 32 xX 10°. 
Other data given by Oncley are as follows: 82 = 12.8 (or 14.6, from pre- 
liminary studies of Oncley), Do = 3.93 X 107’, 6 = 0.744. The two re- 
laxation times are so widely different as to rule out the possibility of flat- 
tened molecules. We may therefore identify 286 < 10° with 7; and 32 X 
10° with 72. This gives 71/72 = 8.9. From Fig. 4 we see that this corre- 
sponds to p = 0.112 = 1/8.9. Turning to Tig. 3, we then obtain at once 
M(i + h) = 270,000. In contrast to this the lower value of the sedimen- 
tation constant gives a molecular weight of 310,000 and f/fo = 1.21. If 
we assume no water of hydration (kh = 0), this may be seen from Fig. 2 to 
give p = 1/4.5 = 0.222. Thus there is a real discrepancy. A possible, 
though not very satisfactory, compromise would be to assume 825 = 12.8 X 
10°, Do = 3.4 X 10°", M = 360,000, (r1)2 = 210 X 107°, (r2)20 = 41 X 
10°, p = 1/6.25 = 0.16, h = 0, f/fo = 1.33. It is unfortunate that no 
viscosity data are available. As we have pointed out, a knowledge of 
viscosity may be decisive in settling Just such issues as this. 

These three examples show the convenience and value of the alignment 
charts given in Figs. 2 to 4 in interpreting and reconciling various data 
relating to the molecular weight of proteins, as well as in presenting in 
comprehensible form the somewhat complicated interrelations involving 
the various properties. 

Note—lIt is impractical to reproduce in the Journal the nomograms at 
workable size. A limited number of planograph reproductions are avail- 
able and copies may be obtained from the authors. 
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THE QUANTITATIVE RELATIONSHIP BETWEEN $6-HYDROXY- 
BUTYRIC ACID AND ACETOACETIC ACID IN 
BLOOD AND URINE* 


By IRENE E. STARK ano MICHAEL SOMOGYIT 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, November 30, 1942) 


Although the quantitative relationship between 6-hydroxybutyrie acid 
and acetoacetic acid in blood and urine has been the subject of extensive 
studies during the last four decades, we found no information as to the 
distribution of the two acids between corpuscles and plasma. To obtain 
this information for our current studies was the primary purpose of the 
work reported in this article. 

It has been well recognized that the quantitative relationship between 
the two acids varies with changing conditions, but the factors which can 
cause such changes were scarcely studied systematically. In the present 
work we determined the ratio of 8-hydroxybutyrice acid to acetoacetic 
acid in the blood (both plasma and corpuscles) and urine of healthy and 
diabetic subjects in the postabsorptive state, precluding effects which 
absorption of food or the administration of insulin might exert. 


Blood 


Since the concentration of ketone bodies in the blood of healthy individuals 
is very low (a maximum of | mg. per cent of total ketone bodies expressed 
as 8-hydroxybutyrie acid), 70 to 80 cc. of blood were required for the analysis 
of both whole blood and plasma. 

For analysis 25 ce. of blood were deproteinized by dilution with 50 ce. 
of 0.3 x barium hydroxide and subsequent addition of 50 cc. of a 5 per cent 
solution of zine sulfate. The remaining blood was centrifuged for 20 
minutes and the cell volume was determined. Of the plasma 25 cc. were 
deproteinized in the same manner as the whole blood. In order to enhance 
the amount of protein-free filtrate, the precipitate was separated by 
centrifugation. Glucose was eliminated from the filtrate by Salkowski’s 
method, solid anhydrous copper sulfate and calcium hydroxide being used 
in order to avoid further dilution. Equivalents of 10 to 12 ee. of blood or 
plasma (50 to 60 ec. of filtrate) were used for the determination of the 6- 
hydroxybutyrie and acetoacetic acids by a method previously described 
(1). In the cases of fasting and of diabetic subjects much smaller amounts 
of blood sufficed for these determinations. The concentrations of the 


* This work was aided by the Helen Yonkers Research Fund. 
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ketone bodies in the corpuscles were calculated from the analytical data 
of whole blood and of plasma with knowledge of the cell volume. 

Table I contains results obtained on the blood samples drawn from healthy 
young individuals. Samples 1 to 5 were taken directly before breakfast, 
12 to 14 hours after the last meal; Samples 6 to 8 after fasting for various 
periods of time. Samples 4 and 5 were pooled specimens, each obtained 
from three subjects, while all the others were individual specimens. 

The concentrations of the two acids (expressed in terms of 8-hydroxy- 
butyric acid), as given in Table I, were determined separately in whole blood 
and plasma. The amount of the total ketone bodies represents the sum 
of the two constituents, not the result of direct analysis. The term 8 ratio, 


TABLE I 


Ketone Bodies in Whole Blood and Plasma of Healthy Subjects in Postabsorptive 
State and after Fasting 


Plasma Whole blood 
Sam | . = 
= Condition Aceto eee- Total Aceto- rf Hy- Total 
acetic orem. ketone Bratio acetic , speee ketone ratio 
acid cy bodies acid we: ig bodies 
acic acid 
me. per meg. per mg. per me. per mc. per me. per 
cont cent cent cenl ceni cent 
l Postabsorptive 0.43 0.93 1.36 68 0.40 0.60 1.00 63 
2 ™ 0.23 0.65 0.78 83 0.23 0.39 0.62 63 
3 at 0.04 0.11 0.15 73 0.09 0.14 0.23 61 
4 i 0.25 0.70 0.95 74 0.16 0.36 0.52 69 
5 " 0.11 0.27 0.38 71 0.08 0.19 0.27 70 
6 Fasted 64 hrs. 21.8 66.1 87.9 75 24.0 44.4 68.4 65 
7 5 ee 4.86 22.9 27.7 83 5.36 18.0 23.4 76 
8 ™ _* §.51 | 12.9 18.4 70 4.85 8.25 | 13.1 63 


suggested by Kennaway (2) to denote the value 100 X (8-hydroxybutyrie 
acid) /(total ketone bodies), was adopted for its convenient brevity. 

The values in Table I convey three clear cut facts. First, it may be 
seen that the 8 ratio in whole blood varies between 60 and 75, a range that 
was generally observed by numerous workers. After prolonged fasting 
the 8 ratio is much the same as in the postabsorptive state. The second 
fact revealed in Table I is that the 8 ratio is appreciably higher in plasma 
than in whole blood, obviously due to the fact that the amount of aceto- 
acetic acid in relation to the 8B-hydroxyvbutyrie acid is considerably greater 
in the corpuscles than in the plasma. Thirdly, the concentration of total 
ketone bodies is appreciably higher in the plasma than in the whole blood, 
owing to an uneven distribution between corpuscles and plasma. 

This uneven distribution becomes more obvious if one compares the 











>, 


ita 


st, 
us 











I. E. STARK AND M. SOMOGYI 321 


calculated values for corpuscles, presented in Table II, with the analytical 
data of plasma (Table I). It may be seen that, with the exception of one 
case (Sample 3), the concentration of total ketone bodies in the corpuscles 
is by and large only one-half as high as in the plasma. This statement 
eannot be based on the postabsorptive samples (Nos. 2 to 5), in which the 
total ketone body content of the blood is less than 1 mg. per cent; these 
results are inconclusive because the values calculated for the corpuscles 
from two determined quantities may be greatly distorted by analytical 
errors, especially if these should be additive. In Samples 6, 7, and 8, 
however, from subjects in which ketonemia was rather high, analytical 
errors could not. essentially affect the data calculated for the corpuscles. 
As shown in Table II, in these samples the concentration of total ketone 


TaBLe II 
Ketone Bodies in Blood Corpuscles Calculated from Data in Table I 
Semple Cal welume Aentenestio Ebrey: Total botene 100 ee |p ratio 
per cent meg. per cent meg. per cent | mg. per cent 
] 50.0 0.46 0.32 0.7 57.4 41 
2 16.5 0.34 0.11 0.45 57.7 25 
3 46.6 0.15 0.17 0.32 213.3 53 
4 42.0 0 0 0 0 0 
5 41.2 0.02 0.07 0.12 0.1 58 
6 50.0 26.1 22.7 48.8 54.9 42 
7 43.5 6.00 11.7 17.7 64.0 66 
8 44.3 4.01 2.41 6.42 34.8 38 


bodies in the corpuscles was, respectively, but 54.9, 64.0, and 34.8 per 
cent as high as in the plasma. 

This distribution ratio between corpuscles and plasma, however, applies 
only to the total ketone bodies. When acetoacetic acid and 8-hydroxy- 
butyric acid are regarded separately, it may be noted that the relationship 
between the two acids is substantially different in corpuscles on the one 
hand and plasma on the other. Namely, while in the plasma acetoacetic 
acid represents only about 20 per cent of the total ketone bodies, in the 
corpuscles it increases to 50 per cent and higher. Thus it happens that 
whereas the concentration of total ketone bodies may be only half as high 
in corpuscles as in plasma, acetoacetic acid concentration in the corpuscles 
may equal and even exceed that in the plasma. 

Diabetic patients with varying degrees of ketosis exhibit in general a 
picture much like our healthy subjects. In Table III are presented the 
results on eight patients. Samples 2, 3, and 5 were obtained from newly 
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diagnosed patients who had never received treatment with insulin; 
Samples 1, 6, 7, and 8 were obtained when the patients were in a state of 
coma. To none of them was insulin administered for at least 24 hours 
prior to our observations, and all were in the postabsorptive state. 

As may be seen in Table IIT (Samples 1, 2, 4, and 5), the plasma showed 
a higher concentration of ketone bodies than whole blood, just as in healthy 
individuals. In Samples 6,7, and 8, however, the distribution was inverted: 
these were incidentally from patients in coma who died. As to the 8 
ratio, this, as in our healthy subjects, was higher in the plasma than in 
whole blood, showing the relative preponderance of acetoacetic acid in the 
corpuscles. Yet variations were considerable. In Sample 2 (Table III), 


TasB_e III 


Ketone Bodies in Whole Blood and Plasma of Diabetic Patients in 
Postabsorptive State 


Plasma Whole blood 
Sample No , ; 
Mc otic 8-Hydroxy- Total ketone , be ne a 6 ne ©XY¥- Total ketone : 
— butyric acid bodies 6 ratio TT apy bodies B ratio 
acid acid acid 
oo me. per cent mg. per cent =o me. per cent —_ 
ng 95.5 253 .0 348.5 73 98.5 198.0 296 .0 67 
2 5.92 21.0 26.9 78 7.30 16.4 23.7 69 
3 1.31 3.47 1.78 73 1.31 3.47 4.78 73 
4 19.0 59.8 78.8 76 24.8 43.2 68.0 68 
5 7.20 31.5 38.7 SI 7.70 17.7 25.4 70 
6* 34 7 154.0 188.7 82 63.2 132.0 195.2 68 
fis 59.4 82.9 142.3 57 77.0 83.6 160.6 52 
8* 35.7 121.0 156.7 78 39.8 124.0 163.8 76 


* Specimens obtained when patients were admitted to various hospitals in diabetic 


coma. 


for instance, the corpuscles contained 9.5 mg. per cent of acetoacetic acid 
and the 8 ratio was 50, whereas the plasma contained only 5.9 mg. per cent 
and showed a 8 ratio of 78 (total ketone bodies in the corpuscles were 19 
mg. per cent, in the plasma 26.9 mg. per cent). This is in line with our 
findings in healthy fasting subjects. In Sample 5 (obtained from an un- 
treated diabetic) an extreme picture presented itself, in that the corpuscles 
contained 29.1 mg. per cent of acetoacetic acid and no 8-hydroxybutyrie 
acid at all. 
Urine 

In order to obtain a base-line for our studies, we analyzed a number of 
urines of healthy and diabetic subjects, always ascertaining that the samples 
were excreted in the postabsorptive state and with the exclusion of any 
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insulin effect. All subjects voided upon rising in the morning, discarded 
the urine, then collected the urine that was excreted from that time until 
breakfast. The diabetic subjects have had no insulin injections for at least 
24 hours preceding the experiments. 

For analysis the urines were rendered free of sugar by copper sulfate- 
lime treatment, according either to Salkowski’s or Van Slyke’s technique. 
For further purification the sugar-free filtrates were treated with basic 
lead acetate and disodium phosphate, the same reagents that we employed 
for the desaecharification of blood. 


TaBLe IV 
Relationship between Acetoacetic and B-Hydroxybutyric Acids in Urine in 
Postabsorplive State 


Acetoacetic 8-Hydroxy- Total ketone 


Sample No. Condition acid butyric acid bodies B ratio 
mg. per cent meg. per cenl me. per cent 
l Postabsorptive 0.21 1.47 1.68 87 
2 “ 0.34 1.07 1.41 7 
3 =: 0.23 1.47 1.70 87 
1 si 0.48 1.78 2.11 80 
5 i 0.31 0.60 0.91 67 
6 : 0.27 1.43 1.70 84 
7 Fasted 62 hrs. 96.5 131.0 227.5 58 
S 5 + 30.6 74.7 105.3 72 
9 oS” 70.1 150.0 220.1 68 
10 Diabetic, post 18.5 167.0 215.5 76 
absorptive 
11 " : 54.7 120.0 174.7 69 
12 cf ss 14.1 41.4 55.5 75 
3 " = 25.0 57.0 82.0 70 
14 . - 82.9 144.0 226.9 63 
15 “ “ 80.4 265.0 345.4 77 
16 = x 189.0 502.0 791.0 76 


After this double precipitation urines still contain substances that inter- 
fere with the analysis of the ketone bodies. When the method of Van 
Slyke and Fitz (3) is used, this interference is negligible in cases with 
substantial degrees of ketonuria. In the instance of normally fed healthy 
subjects, however, who excrete only 20 to 40 mg. of ketone bodies (in terms 
of 8-hydroxybutyrie acid) per 24 hours, the selectiveness of the Denigés 
reagent proves to be insufficient and the analytical results are misleading. 
In particular the 6-hydroxybutyric acid values are too high, being multiples 
of the values obtained with the triple oxidation and distillation method of 
Shaffer and Marriott (4). We used, therefore, the method of Shaffer and 
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Marriott adapted to a micro scale. Subsequently we found a somewhat 
shorter procedure. Namely, we used our micromethod as devised for 
blood analysis, but complemented it with an added step which consists 
in dissolving the Denigés precipitate and distilling off the acetone after 
the solution is rendered alkaline. The results obtained by this technique 
showed close agreement with those of the Shaffer-Marriott procedure. 

In Table IV are presented our findings on three groups of subjects, 
Samples 1 to 6 were obtained from healthy subjects in the postabsorptive 
state. In view of the low ketone body concentrations in these urines, the 
purified portions used for an analysis represented not less than 15 ee. of 
urine, so that the amounts of acetone actually measured were sufficient 
to secure a fair degree of analytical accuracy. As may be noted, the normal 
urines in the postabsorptive state contained acetoacetic and 8-hydroxy- 
butyric acids in a rather uniform relationship; the lowest 8 ratio was 67, 
the highest 87, the average 80. Samples 7 to 9 were from healthy young 
persons who had fasted for at least 36 hours. The 8 ratio here was of the 
same general order as in the postabsorptive urines of normally fed subjects. 
Samples 10 to 16 were obtained from seven diabetic patients. The 8 
ratio in these samples varied between 63 and 77, with an average of 72. 
These values are somewhat lower than we found in normal subjects, but 
in lack of statistical material, the differences can scarcely be considered as 
significant. 

This range of variations in the 8 ratio is notably narrower than most 
workers in the past have described. This we ascribe to the fact that the 
urine samples in our work were collected under standardized conditions, 
while earlier investigators, with a few exceptions, paid no attention to the 
possible influence of food intake and of insulin injections. As we shall 
show in subsequent reports, both of these factors profoundly affect the 


B ratio. 
SUMMARY 


Studies concerning the distribution and quantitative relationship of 
acetoacetic and 8-hydroxybutyric acids in normal human blood and urine 
in the postabsorptive state gave the following results. 

1. The concentration of ketone bodies is about twice as high in the plasma 
as in the corpuscles of the blood. 

2. While in plasma 8-hydroxybutyric acid predominates, so that aceto- 
acetic acid amounts to only one-fifth of the total ketone bodies, in cor- 
puscles acetoacetic acid constitutes one-half and often a greater portion of 
the ketone bodies; there are cases in which corpuscles contain acetoacetic 
acid but no 8-hydroxybutyric acid at all. 

3. The urine of normally fed healthy individuals always contains small 
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amounts of both acetoacetic and 8-hydroxybutyric acid; the 8 ratio 100 X 
(s-hydroxybutyric acid) /(total ketone bodies) varies within a rather narrow 
range. 

In diabetic patients the relationships are the same as in healthy persons. 
This applies to blood as well as to urine, provided that the samples are 
obtained in the postabsorptive state and with the preclusion of insulin 


action. 
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METABOLISM OF A PARAFFIN* 
By DeWITT STETTEN, Jr. 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 4, 1942) 


The studies of Channon and his collaborators (1, 2) on the absorption 
of paraffin hydrocarbons from the gastrointestinal tract led to the startling 
conclusion that n-hexadecane was not only absorbed but was catabolized 
to give undetermined products. Despite an early observation to the con- 
trary by Bradley and Gasser (3), the prevalent belief prior to the work of 
Channon was that the aliphatic saturated hydrocarbons were completely 
unabsorbed and metabolically completely inert. By comparing the 
amount of unsaponifiable material excreted with the amount of hexadecane 
fed, El Mahdi and Channon (1) demonstrated that this hydrocarbon was 
absorbed by rats to the extent of 50 to 100 mg. perday. They were further 
able to show an increase in the amount of unsaponifiable material and a 
decrease in the iodine number of this fraction in various tissue lipids after 
the administration of hexadecane. They took this as evidence for the 
deposition of the hydrocarbon in the body. Later, in experiments on cats, 
Channon and Devine (2) sueceeded in isolating hexadecane from tissue 
lipids after a prolonged feeding of this material. They noted that the 
total recovery of hydrocarbon from feces and tissues was much less than 
the amount fed and concluded that hexadecane was converted to other 
unidentified products in the animal body. The site of this conversion they 
assumed to be the liver, basing this assumption on the observation that 
there was little or no increase in the quantity of unsaponifiable material 
in that organ after the ingestion of hexadecane. 

The purpose of the present study was to determine whether normal 
aliphatic hydrocarbons may be oxidized, in the animal body, to fatty acids. 
In line with previous investigations from this laboratory (4, 5), in which 
the absorption and metabolism of the 16-carbon fatty acid and the analo- 
gous aleohol had been studied with the aid of isotopic hydrogen, it was 
determined to prepare and feed deuterio hexadecane under the same general 
conditions as in the experiments with deuterio palmitic acid and deuterio 
cetyl aleohol. It had been shown in these earlier experiments (5) that 
cetyl aleohol was efficiently absorbed and converted to palmitic acid by 
the rat, and it was hoped that, if a similar conversion occurred in the case 
of hexadecane, it should be demonstrable. 

* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 


Foundation. 
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Deuterio hexadecane was prepared for this purpose by the Kolbe reac- 
tion, electrolysis of potassium a ,8-dideuterio pelargonate. The absence of 
exchange reaction between the hydrogen in the solvent and that on the 
a-carbon of the acid under the conditions of the Kolbe synthesis has already 
been demonstrated for the synthesis of ethane from acetate (6, 7) and was 
found also to be true in the present synthesis. The product, therefore, 
must have been 7,8 ,9,10-tetradeuterio hexadecane. 

An otherwise well rounded diet, the same as had been used in previous 
experiments (4), was mixed with 0.75 per cent of deuterio hexadecane and 
fed ad libitum to two growing rats until 200 gm. had been consumed, which 
required 9 days. The rats were then killed, gastrointestinal tracts removed 
and combined with the accumulated feces, and the livers removed for 
separate study. After alkaline hydrolysis of each portion, saponifiable 
and unsaponifiable fractions were isolated. The fatty acids were further 
separated over the lead salts into solid and liquid fractions. The unsaponi- 
fiable portions were separated into alcoholic and non-alcoholic fractions 
over the sodium salts of the hemiesters of succinic acid. The weights and 
corrected deuterium contents of each fraction are given in Table I. 

From these data it is apparent that hexadecane is well absorbed from 
the gastrointestinal tracts of rats. The deuterium analysis of the non- 
alcoholic fraction of the fecal unsaponifiable matter indicates that, of the 
1500 mg. fed, only 132 X 0.437 = 58 mg. were unabsorbed. This means 
that about 80 mg. of hexadecane were absorbed per rat per day, a finding 
in agreement with that of El] Mahdi and Channon (1). That this absorp- 
tion took place prior to bacterial alteration of the molecule in the intestine 
is indicated by the high isotope content of the analogous fraction from the 
bodies of the rats. This fraction, however, though rich in isotope, is small 
in amount, accounting for only 38 mg. of the material fed. Precisely as 
noted by Channon, the hydrocarbon must have been catabolized in 
the body. 

The finding of a significant though low concentration of D,O in the body 
water, as has been found when deuterio fatty acids were fed (4), is in agree- 
ment with the idea of catabolic degradation of the hydrocarbon; the finding 
of a notably higher isotope concentration in the fatty acids of the carcass! 
at once indicates the catabolic route. About 15 per cent of the isotope 
fed as hexadecane was recovered in the fatty acids of the carcass. To 
explain this it is necessary to assume an oxidative process, presumably 
attacking a terminal methyl group, in which hexadecane is converted into 
palmitic acid. The oxidation of a carbon-bound methyl group to a ear- 
boxy! group has already been postulated in the theory of w oxidation. The 


1 For want of a better term, the word “‘carcass’’ is herein employed to mean the 
body of the animal less the liver and gastrointestinal tract. 
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present instance is perhaps more surprising in view of the notorious sta- 
bility of saturated aliphatic hydrocarbons toward oxidizing agents in vitro. 

It is not possible, from the present experiment, to state conclusively 
the site of this oxidation. That it did not occur exclusively in the gastro- 
intestinal tract is shown by the fact that the isotope content of the fatty 
acids is much higher in the liver than in the feces. The deuterium concen- 
tration in the fecal fatty acids was slightly lower than that in the carcass 


TaBLe | 
Weight and Isotopic Composition of Fractions Isolated 
Two growing male rats were fed a total of 1.5 gm. of deuterio hexadecane, contain- 
ing 9.7 atom per cent excess deuterium, overa period of 9days. The isotopic compo- 
sition is given (A) as the actual analytical figure and (B) recalculated on the basis 
of 100 atom per cent in the hexadecane fed. 





Deuterium content 








Source of fraction Fraction isolated Weight aie htt —_ 
A B 
gm. atom per cent atom per cent 
Feces + intestinal Fatty acids 2.161 0.11 1.1 
tracts Solid 0.15 1.5 
Liquid | 0.08 0.8 
Unsaponifiable 0.667 
Non-alcoholic 0.132 | 4.24 43.7 
Alcoholic 0.417 | 0.06 0.6 
Livers Fatty acids 0.233 | O.41 | 4.2 
Unsaponifiable 0.016 | 
Carcasses* Fatty acids 15.272 0.15 1.5 
Solid 0.20 2.1 
Liquid 0.09 0.9 
Unsaponifiable 0.505 | | 
ws + livers - 0.521 | 
Non-aleoholic 0.256 1.44 14.9 
Alcoholic 0.254 | 0.06 0.6 
0.04 0.4 


Body water 


* Body less the liver and gastrointestinal tract. 


fatty acids and probably resulted from normal fatty acid excretion. These 
findings, together with the observation that no large amount of unoxidized 
hydrocarbon accumulated in the liver (as also noted by Channon and 
Devine (2)), indicate the likelihood of the liver being the site of the oxida- 
tion under consideration. 

No particular significance should be attached to the deuterium concentra- 
tions noted in the two alcoholic fractions isolated. These may well 
be due to the contamination of these crude mixtures by traces of isotopic 


hexadecane. 
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It is of interest to compare the fate of the three 16-carbon compounds, 
hexadecane, cetyl] alcohol, and palmitic acid. All three of these compounds 
labeled with deuterium have now been fed to growing rats on the same basal 
diet, and for about the same length of time (4, 5). At least when fed in 
small doses, all three are readily absorbed. All three give rise to D,O 
in the body water. In each case, the liver fatty acids are rich in deuterium, 
and the deuterium concentration in the carcass fatty acids is between 
one-half and one-third that in the liver fatty acids. 

These results, obtained when small amounts of hydrocarbon were fed, 
can have but little relation to the therapeutic administration of mineral oil 
in large doses. It is well known that, when given in large quantity, 
mineral oil is chiefly excreted unaltered in the feces with an accompanying 
diarrhea. In the present experiment, in which the dosage was small and 
absorption excellent, no diarrhea at all was noted. 


EXPERIMENTAL 


A'-Nonylenic acid was prepared by the condensation of malonic acid 
with heptaldehyde in pyridine solution and subsequent decarboxylation, 
according to Harding and Weizmann (8). The product was purified by 
distillation in vacuo and precipitation of the barium salt from ethanol. 
The regenerated free acid was redistilled, b.p. 169-175° at 30 mm. pressure. 

31.2 gm. of nonylenic acid were shaken with 500 mg. of platinum oxide 
(9) in an atmosphere of deuterium at room temperature and slightly less 
than atmospheric pressure. Deuterium uptake was rapid, and, after about 
3 hours, the theoretical amount of gas had been consumed. Platinum 
was removed by filtration of the product in methanol solution and the 
product isolated by evaporation of the filtrate. The yield of crude a,{- 
dideuterio pelargonic acid was 31.4 gm. Deuterium content, 9.1 atom per 
cent excess. 

The electrolysis of the pelargonate was carried out essentially according 
to Petersen (10). To 20 ml. of ethanol + 25 ml. of water were added 5 
gm. of K,CO; and 5 ml. of deuterio pelargonic acid. This mixture was 
electrolyzed between a platinum gauze anode and a copper cathode at 
about 1.5 amperes. The temperature was maintained at about 50° by use 
of an immersed “cold finger.’’ At half hour intervals 5 ml. quantities of 
pelargonic acid were added until a total of 25 ml. had been introduced. 
Ethanol was also added from time to time to reduce foaming. The electrol- 
ysis was allowed to run 8 hours in all, during which time a pale yellow 
supernatant layer appeared. 

The hydrocarbon was extracted from the reaction mixture with petroleum 
ether that had previously been purified over concentrated H.SO,. After 
evaporation of the solvent, the oily residue was stirred with concentrated 
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H.SO, at 100° for 1 hour, and from the resulting black tar the paraffin 
fraction was reextracted with petroleum ether, dried over KOH, and dis- 
tilled in vacuo. The distillate was again purified by a second treatment 
with concentrated H.SO,, followed by a second distillation. The final 
yield, after this exhaustive purification, was 2.6 gm. M.p. 18°, deuterium 
content 9.7 atom per cent excess. On the basis of the deuterium analysis of 
the pelargonic acid, if it be assumed that no exchange had taken place dur- 
ing electrolysis, the expected deuterium content of the hexadecane would 
be 9.6 atom per cent. Because of difficulties inherent in carbon-hydrogen 
determination on samples rich in heavy hydrogen, a sample of hexadecane 
prepared and purified in an identical fashion, with the same melting point 
but devoid of isotope, was subjected to elementary analysis.? 


CisHas (226.4). Theory, C 84.9, H 15.1; found, C 84.9, H 15.2 


The feeding experiment was conducted precisely as in a previous report. 
To 186 gm. of basal diet already described (4) were added 12.5 gm. of butter 
and 1.5 gm. of deuterio hexadecane, the whole being homogenized in petro- 
leum ether which was subsequently evaporated off. This diet was fed 
ad liitum to two growing male rats, average weight 94 gm., and was entirely 
consumed after 9 days. During this interval the rats showed an average 
weight gain of 31 gm. 

The animals were killed and the lipids of the tissues and excreta isolated 
as in previous experiments (4, 5). The gastrointestinal tracts and feces 
were pooled and worked up together, and the livers were also investigated 
independently. Preliminary separation of the unsaponifiable fraction of 
the liver yielded too little material for isotope analysis, and it was therefore 
pooled with the corresponding fraction from the carcasses. To insure 
against contamination by isotopic hydrocarbon, the carcass fatty acids, 
after initial isolation, were redissolved in alkali and washed with ether. 
When isolated a second time, no significant alteration in deuterium content 
of the fatty acids had occurred. The separation of solid and liquid fatty 
acids was carried out as before (4), and the lead salts of the solid fatty acids 
were recrystallized from hot ethanol prior to their decomposition. 

The unsaponifiable fractions were separated into alcoholic and non- 
alcoholic portions by refluxing with twice their weight of succinic anhydride 
in pyridine for 1 hour, dividing the reaction mixture between ether and 
dilute aqueous HCl, washing well with water, and then extracting the 
succinic acid hemiesters from the ether layer with NagCO ; solution. From 
the ether layer, the non-alcoholic fraction, which should contain any 
hydrocarbon that was present, was recovered by evaporation of the solvent. 
The aqueous layer, on reacidification and extraction with fresh ether, gave 


? The elementary microanalysis was carried out by Mr. W. Saschek. 











332 METABOLISM OF PARAFFIN 


the succinic acid hemiesters of the hydroxy compounds present in this 
fraction. 

All remaining operations were carried out as described in previous 
reports (4, 5). 


SUMMARY 


n-Hexadecane has been prepared containing an excess of deuterium, 
and this material has been fed to rats for a period of 9 days. 

At the level of feeding employed, 83 mg. per rat per day, hexadecane is 
very efficiently absorbed from the gastrointestinal tract and partially 
deposited as such in the tissue lipids. 

Much of the absorbed hexadecane was found to have been oxidized to 
fatty acid in the body, apparently largely in the liver. 
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LIVER GLYCOGENESIS AND FASTING IN THE RAT 
THE EFFECT OF GLUCOSE FEEDING ON THE WATER BALANCE 


By J. J. McBRIDE 


(From the Department of Physiology, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, November 2, 1942) 


Evidence was presented recently (1) that the process of glycogenesis 
when initiated by feeding glucose may result in an increase of as much as 
32 per cent in the non-glycogen liver solids. This evidence is based upon 
a recalculation of the data of MacKay and Bergman (2). The purpose 
of the present work is to seek further evidence in order to test this con- 
clusion. It appears that the problem is related to the mechanism of 
glycogenesis.! 


Methods 


Male albino rats were used. Five of the groups of rats were approxi- 
mately 100 days old and two of the groups from an entirely different colony 
were 160 days old. 

The methods of analysis have been reported (1). The stock diet and 
anesthetic were the same as used by Guest (4). In these experiments 
considerable care was taken to exsanguinate the livers by pressing be- 
tween filter paper. They were then frozen and weighed in an insulated 
container to +5 mg. On the other hand, in previous work reported, most 
of the blood was withdrawn through the heart before removal of the liver. 

The livers were analyzed separately for water, glycogen, protein (N X 
6.25), and lipids. Ash determinations were made upon mixtures of equal 
weights of fat-free dry solids. The mean values of the percentages of each 
component are given in Table I. Also given is the precision’ of the means 
of certain measurements as ew. An index of the accuracy attained is 

! Another phase of the glycogenic process was investigated. The work of Deysach 
(3) on a sphincter mechanism in the liver suggests that circulatory differences may 
exist during glycogenesis as compared with fasting. An attempt was made to 
determine these differences. Hemostats were quickly applied to both the portal 
and hepatie blood vessels and the liver excised without loss of the contained blood. 
The latter was then pressed out on weighed filter paper. A comparison was made 
of livers with high and low glycogen. The results were inconclusive. In spite of 
efforts to avoid it, the mechanical pressure resulting from manipulation probably 
causes an abnormal blood distribution. 
ew = V2d?/(n — 1)n. 
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furnished in the summation of the percentages of the individual tissue com- 
ponents. 

No attempt was made either to force feed or to establish new feeding 
habits, as was done by Higgins et al. (5). It was found that following a 
36 hour fast the rats ate a fairly uniform weight (about 10 gm.) of glucose 
paste. 

Zero time was taken as9a.m. The body weight at this time is recorded 
as an initial value. It is the weight following a nocturnal period of feeding 


TABLE I 
Analytical Data 

















’ | Average body weight | Average per cent in liver 
z | | ia fa | 
é | wee «1 812 st EE | Liver weight | 4 o | 
= | sis nitial lszls% t 3 £ 3 
f| 2\8 ee lg|2)8\|8/4 
| days gm. lem. gm. gm. | 
1 | Fasted 36 8 1105] 277 + 4.3 lo47| | 6.89 + 0.20/70.3/22. 40/6 50/0 1410.64 
hrs x ae 
2 | Fasted 36 8 110) 269 + 4.7 |244) 6.98 + 0.11/70.2)18.5 |5.86)4.95)0.63 
hrs., fed | | 
12 hrs. | | | | 
3 salah 6 |160| 276 + 7.0| | | 9.45 + 0.41/71.3/16.16)4.68/7.81/0.57 
4 a 7/110, 268 + 9.6/ | | 8.48 + 0.50/69.4/16.43/4.43/8.90)0.64 
5 | Fasted 48 7 110 271 + 5.1 (243/235 6.48 + 0 24/70 4/22 01/6 03/0 . 31/0. 64 
hrs. | 
6 | Fasted 48 8 |105| 270 + 3.7 |244/240) 6.82 + 0.15'69.4)18.3 4.5916.4710.67 








hrs., fed 12 | | a 
| | | | 





hrs. i 
7 | Fasted 24 | 5 /160| 275 + 7.0) | | 8.29 + 0.3071.9/20.106.15,0.060.57 
| | | | j 
hrs. ie Sa EB he 
ge|  « [14 |100) 237 | | 6.6 + 0.24/71.2) | 0.38 
9¢| Fed agar 24 | 6 |100| 270 | | 6.40 71.6/22.0 /4.44/0.10/0.74 
| | i 
hrs. 4 | 
i | ' 





* Unpublished data (1939) of Guest and McBride. 
t These data have been published (1). 


on the stock diet. During this period the rats eat intermittently begin- 
ning at about 8 p.m. Therefore, since no attempt was made to deter- 
mine when they stopped feeding, what is referred to as a 24, a 36, or a 48 
hour fast really represents a somewhat longer period. Guest (4) has shown 
that at about 9 a.m. the liver glycogen is at a high and uniform level, 
judging from the precision of the analyses. 

The rats were selected so that the mean body weight is nearly the same 
for each successive group. All the rats were fasted and the experimental 
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groups were then fed glucose for 12 hours. According to the recalculated 
data of MacKay and Bergman, the maximum increase in non-glycogen 
solids occurred following a 48 hour fast and a subsequent 12 hour feeding 
period. Two of the experiments (Nos. 5 and 6) would have been more 
nearly comparable to those of MacKay and Bergman if the rats had been 
compared on the basis of their weight following a 48 hour fast. Instead, 
the author has chosen to adjust the liver weights to a uniform initial body 
weight of 270 gm. _ This facilitates comparison of groups fasted for different 
time periods and also comparison with some earlier data (1). This method 
of adjustment is based upon the linearity of the relationship of liver weight 
to body weight observed by Higgins et al. (5). However, in Experiments 
5 and 6 both the initial and the final body weights at the end of a 48 hour 
fast are given. Therefore, adjustment can be made on either basis. The 
final adjusted values and the conclusions drawn by either method of cal- 
culation are much the same, because the fasting weight levels are the same 
for comparable groups within the probable limits of error. 

A 48 hour fast may have a fairly severe physiological effect in view of 
the fact that Richter (6) found that rats survived about 4 days when 
deprived of food. For this reason the fast was reduced to 36 hours in 
certain experiments. 


DISCUSSION 


A comparison of the values for the non-glycogen solids in Table II shows 
that in no instance is there an accumulation of these solids when the gly- 
cogen reaches a high level. In fact, a loss of solids occurs which loss par- 
allels that of the body weight and increases with an increase in the length 
of fast. In Table III are given the approximate values for the percentage 
loss of these solids with a variation in the length of fast. This loss occurs 
whether or not the liver has been synthesizing glycogen. The precision of 
the values of the non-glycogen solids indicates that the probability varies 
between 10 to 1 and 100 to 1 that these losses are significant. The data of 
Higgins et al. (5) show a loss under fasting conditions. 

It had been hoped to employ the data in Table II to establish on a 
sounder basis the relationship of water to glycogen and possibly to protein. 
Judged both from the constancy of the non-glycogen solids and from the 
distribution of tissue components, there are two sets of experiments which 
appear to be ideal for comparison. Thus, Experiments 1 and 3 yield a 
ratio of glycogen to water of 1:2.7, which agrees with that previously re- 
ported. But, it necessitates a comparison of two groups which differ 
in age and come from different colonies. If the liver weights of these rats 
of unlike age had been compared on the basis of body area, as recommended 
by MacKay and Bergman (2), they might not appear to be comparable. 
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But, this need not alter the ratio observed. On the other hand, Experi- 
ments 4 and 5, which should be strictly comparable, vield a ratio of 1:1.9. 


TABLE I] 
Distribution of Tissue Components 
The values are ‘“‘absolute’’ weights adjusted to 270 gm. of initial body weight, 


measured in gm. 


Average weight of component 


i | Dietary Average weight per liver _Ratio of 
Ly Adjusted liver Non-glycogen Water Pro- Lipids Glyco- Ash re 
a} solids tein gen 
1 | Fasted 36 | 6.73 + 0.12 1.98 + 0.035) 4.74) 1.51:0.437/0.009/0.043) 
hrs. 
2 | Fasted 36 | 7.00 + 0.11 1.73 + 0.082, 4.92 1.300.410/0.346)0.044) 1:2.2 
hrs., fed 
12 hrs. | | 
3 = _ 9.24 + 0.30 1.94 + 0.061 6.58) 1.49.0.432\0.720/0.053) 1:2.7 
4 ¢ 8.54 + 0.35 1.86 + 0.053 5.92 1.410 378)0 760\0 054) 1:1.9 
5 | Fasted 48 | 6.45 + 0.18 1.89 + 0.064 4.54 1 | 


42 0.389/0.020/0.0-41) 
hrs. 
6 | Fasted 48 | 6.82 + 0.09 1.65 + 0.018 4.73 24.0.312)0.442/0.045 


hrs., fed 


~“ 


1:1 


—_— 


12 hrs. 
7 Fasted 24 8.19 + 0.21 2.30 + 0.088 5.89 1.640.504/0.005/0.047, 
hrs. 
si; « «« | 7.50 2.19 5.35 | | 
9 | Fed agar 6.40 1.81 1.63 1.410.286/0.00010.048 
24 hrs. 
TaB_e III 
Approximate Loss in Non-Glycogen Liver Solids 
Approximate per Based upon 
[Duration of experiment cent — experiments No 
hrs 
During fasting 24th to 36th 9.6 land 8 
24th “ 36th 13.9 ;* 9 
36th “ 48th 3.5 l 5 
Following glycogenesis 36th “* 48th 12.6 l 2 
36th “ 48th 6.0 1 ! 
{Sth “ 60th 13.6 a.” ¢ 


These ratios were calculated by use of a mean value for the ratio of non- 


glycogen solids of 1:2.4 from Experiments | and 5. 
In Experiment 2 the glycogen level is low because the rats were fed only 
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one-half their normal intake of glucose. This may account for the rela- 
tively greater loss of solids observed in this instance. 

It was noted that the rats drank very little water during the glucose 
feeding. This was particularly true in Experiment 6. Richter (6) also 
noted this low water intake in glucose feeding. Furthermore, most of the 
glucose-fed rats exhibited a marked distension of the stomach due to gas. 
There was no diarrhea as reported by Sinclair and Fassina (7). It appears 
that some rats cannot tolerate a high glucose intake, which in this instance 
approaches 3 per cent of the body weight. Such an intake is probably far 
enough in excess of the rate of absorption to result in a disturbance of the 
water balance.* Some evidence for this disturbance is furnished in the 
values for the percentage of liver water. These values are equal to ap- 
proximately 70.3 + 0.3 per cent in both Experiments 1 and 5. Therefore, 
fasting from the 36th to the 48th hour does not alter the water content. 
But, feeding glucose for this interval, or from the 48th to the 60th hour, 
reduces it to approximately 69.4 + 0.2 per cent, as is shown in Experi- 
ments 4 and 6. This difference (0.9) is statistically significant. On the 
contrary, feeding glucose for this interval should increase the water content 
to more than 71 per cent, as it does in Experiment 3, in order that the ratio 
of glycogen to water remain 1:2.7. It has been shown in previous data (1) 
that under normal feeding conditions the percentage of water does not 
decrease with an increase in the glycogen content. It is not possible to 
attribute the difference in behavior of the rats in Experiment 3 to a solitary 
factor. They differ from the others as to age, strain, and stock diet. 
Sinclair and Fassina (7) have shown that the previous diet can alter the 
rate of glucose absorption. Perhaps some strains of rats exhibit cyclic 
liver changes under these conditions. This would explain the great in- 
crease in solids noted in the recalculated data of MacKay and Bergman. 

Recently, MacKay and Drury (9) have shown that a large percentage 
of absorbed glucose is converted to fat. The present data indicate that, 
at least for the 12 hour period, the liver may not be involved in this process. 

In Table IV are given the values of the ratios of protein and of lipids 
each compared to the non-glycogen solids. The fact that these ratios re- 
main fairly constant in Experiments 1 to 6 inclusive indicates that these 
proteins and lipids constitute an essential part of the cell and do not repre- 
sent storage materials. Evidently, when the liver loses solids following a 
36 hour fast, it is whole cells which are lost. This is apparently not true 
of either the agar-fed or 24 hour-fasted rats. Of course, this does not take 
into account the cyclic variations studied by Higgins et al. (5). 

It is of interest that the lipids here reported are composed of approxi- 


3’ Holmes (8) found that glucose in amounts sufficient to disturb the fluid balance 
markedly would not generally elicit the drinking response in dogs. 
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mately 60 per cent of material precipitable by acetone from a petroleum 
ether solution. Since this fraction (presumably crude phospholipid) is 
quite hydrophilic, it may not be safe to assume that the cell lipids are 
not associated with water in some manner. This is in contrast with evi- 
dence discussed (1) concerning stored fat. 

Concerning Precision—This type of experiment demands a high degree of 
quantitative comparability between the rats. The factor contributing 
most to the attainment of this comparability is probably the selection of 
the rats. The extent to which it was attained, as indicated by the pre- 
cision, is reasonably good in view of the small number of rats employed. 
A comparison of the mean deviation of the mean for the unadjusted and 
adjusted liver weights indicates that adjustment improves the precision. 
It is thought that a better precision could be attained by selecting the 


TaBLe IV 
Constancy of Composition of Liver Solids 
Ratios 
Experiment No 
Protein to non-glycogen solids Lipids to non-glycogen solids 
l 0.762 0.221 
2 0.750 0.236 
3 0.766 0.222 
1 0.757 0.203 
5 0.743 0.204 
6 0.750 0.189 
7 0.714 0.218 
9 0.778 0.158 


rats to conform over a considerable time period to the standard growth 
curve of Zucker and Zucker (10). The precision could be further improved 
by adjusting the initial body weights for food intake. 

The Fisher table (11) of values of ¢ has been used in estimating the 
probability of significant differences. 

SUMMARY 

1. When rats are fasted for 36 or 48 hours and then fed glucose for 12 
hours, there is no increase in the non-glycogen liver solids at high glycogen 
levels. On the contrary, there appears to be a loss of these solids which 


loss increases with an increase in the length of fast. 
2. In some rats the feeding of large amounts of glucose may result in a 
disturbance in the water balance even though a diarrhea does not occur. 
3. Evidence is offered to show that following a 36 hour fast it is essential 
cell constituents and not storage materials which are lost by the liver. 
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4. Possible alterations in the water balance and variations in the non- 


glycogen solids of the liver are complicating factors which make it dif- 
ficult to calculate reliable values for the ratios of water to individual tissue 


components. 
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NON-OXIDASE NATURE OF KIDNEY “LACCASE” 


By DWIGHT L. BAKER* anv J. M. NELSON 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, November 27, 1942) 


Owing to studies made in these laboratories on some plant oxidases, it 
was thought to be of interest to study the enzymatically active material 
observed by Cadden and Dill' to be present in cell-free kidney extracts. 
The observations made by these investigators led them to conclude that the 
material might be a polyphenol oxidase of the laccase type. Preliminary 
results obtained in the present study soon showed that the active prin- 
ciple is not a lacease, nor even a true oxidase, and for this reason it was de- 
cided not to pursue its study any further. Nevertheless, this active prin- 
ciple in the kidney extracts is of considerable interest and hence it was 
thought that the results obtained in the preliminary study might be worth 
recording in the literature. 

Fresh ground swine kidneys were extracted overnight with 40 per cent 
acetone as described by Cadden and Dill. The extracted material was 
precipitated from the filtered 40 per cent acetone by the addition of 3 
volumes of acetone. An aqueous solution of the precipitate thus obtained 
was then made 0.4 saturated with ammonium sulfate and the precipitate 
formed discarded. The filtrate thus obtained was then made 0.8 saturated 
with ammonium sulfate and the resulting precipitate taken up in water and 
dialyzed. The dialyzed solution was heated to 80°, cooled, filtered, and 
the precipitate which formed discarded. The resulting filtrate was ad- 
justed to pH 4.5 and the active principle adsorbed to kaolin, followed by 
elution with 0.2 M secondary sodium phosphate, and finally dialyzed against 
distilled water. Satisfactory yields were obtained in each of the above 
steps. The solid matter in the final solution contained 15.6 per cent 
nitrogen and 0.03 per cent copper, indicating that it was a crude copper- 
bearing protein. The copper content increased as the purification pro- 
gressed. This preparation catalyzed the aerobic oxidation of hydroquinone 
as reported by Cadden and Dill. 

The enzymatic activity of the preparation was measured by means of a 
Warburg respirometer, with reaction mixtures consisting of 1 ec. of enzyme 
preparation, 2 cc. of 0.1 mM phosphate buffer, yielding a pH of the final 
reaction mixture equal to 6.5, 50 mg. of hydroquinone, 20 mg. of sodium 
benzene sulfinate, and sufficient water to make the final volume equal to 


* Upjohn Company Fellow in Chemistry. 
' Cadden, J. F., and Dill, L. V., J. Biol. Chem., 148, 105 (1942). 
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8 cc. The volume of the Warburg reaction flasks was approximately 45 
ec. A control was found necessary for correcting for the autoxidation of 
the hydroquinone. The concentration of hydroquinone required for the 
optimum rate of oxygen uptake was found to be in excess of 0.1 m. The 
maximum rate of oxygen uptake was not reached until the experiments 
had been in progress from 10 to 20 minutes. Extending the time of the 
experiment beyond this length resulted in a gradual decrease in the rate of 
oxygen uptake. The addition of sodium benzene sulfinate to the reaction 
mixture not only increased the rate of oxygen uptake at low hydroquinone 
concentrations, but also resulted in a steady rate of oxygen uptake for at 
least 3 hours. Under the above conditions the best preparation caused an 
oxygen uptake of 7 c.mm. per minute per mg. of dry weight. 

It was found that in the oxidation of the hydroquinone, catalyzed by the 
enzyme preparation, hydrogen peroxide was formed. This was demon- 
strated by means of catalase. Although it was found that the activity of 
the catalase was gradually destroyed when the latter was added to the 
reaction mixture, this inactivation was not so rapid but that considerable 
hydrogen peroxide could be decomposed For instance, when catalase 
was added to the reaction mixture after 30 minutes of enzymatic oxidation 
of the hydroquinone, a rapid evolution of gas, presumably oxygen, oc- 
curred. The rate of oxygen uptake, however, gradually returned to the 
original value. The addition of hydrogen peroxide at this stage of the 
experiment caused no evolution of oxygen, showing that the return of the 
rate of oxygen uptake to its original value was due to the added catalase 
having become inactive. 

In addition to hydroquinone, the kidney extract catalyzed the aerobic 
oxidation of catechol, homocatechol, and adrenalin. Its activity towards 
these substances was, however, less than towards hydroquinone. The 
extract was found to show no activity towards ascorbic acid, p-phenylene- 
diamine, dihydroxymaleic acid, tyramine, p-cresol, pyrogallol, homogen- 
tisie acid, or 2,3-dihydroxynaphthalene. 

When the enzyme preparation was heated at 100° for 15 minutes, the 
activity towards hydroquinone was diminished by 75 to 100 per cent. All 
the activity was lost when the enzyme solution was acidified to pH 2 and 
then brought back to pH 6.5. Potassium cyanide in concentrations of 
0.004 m and 0.017 m inhibited the activity 17 and 62 per cent, respec- 
tively. Sodium azide in concentrations of 0.002 m and 0.01 inhibited 
the rate of oxygen uptake 5 and 28 per cent, respectively. When a small 
amount of ascorbic acid (0.15 mg.) was added to the reaction mixture, a 
lag period of 90 minutes occurred before any appreciable oxygen uptake 
took place. The final rate of oxygen consumed, after the lag period was 


over, was the same as though no ascorbic acid had been added. 
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DISCUSSION 


Although the active constituent of the kidney extract is surprisingly 
heat-stable, the results given above strongly support the view that it is 
an enzymatically active protein. In particular may be cited (a) acid 
inactivation, (b) nitrogen content, (c) purification methods used, and (d) 
substrate specificity. On the other hand, the enzyme can hardly be classed 
as a true oxidase, 7.e. belonging to the same class as cytochrome oxidase, 
tyrosinase, laccase, sweet potato catecholase, ascorbic acid oxidase, etc., 
because it brings about only an incomplete reduction of the oxygen mole- 
cule resulting in the formation of hydrogen peroxide. In this respect the 
enzyme from kidney extract resembles more closely those of another class 
some of which are miscalled ‘‘oxidases,’”’ among which may be mentioned 
uricase, d-amino acid oxidase, and xanthine oxidase. 





















THE AUTOLYSIS OF INVERTEBRATE TISSUES 


By SAMUEL BELFER, PEARL KORAN, HOWARD EDER, anno H. C. BRADLEY 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 
and the Marine Biological Laboratory, Woods Hole) 


(Received for publication, November 10, 1942) 


It has been well established that the gross mechanism involved in atrophy 
and autolysis is the same in all vertebrate tissues thus far examined (1). 
Proteolysis is accomplished by an enzyme complex called cathepsin. 
Further cleavage of the primary fragments is carried on by peptidases. 
While it is certain that there are large quantitative differences in the distribu- 
tion of these enzymes in different tissues of the same species, and in the 
homologous tissues of different species, this field has not yet been ade- 
quately explored. 

No systematic studies have been made to determine whether this or a 
similar mechanism is also to be found among the invertebrates, and very 
little is known concerning the phenomena of atrophy and tissue mobiliza- 
tion in this group. A number of isolated observations have been made, 
which indicate that an autolytic mechanism is present in invertebrate tis- 
sue. Thus Chen and Bradley (2) reported a comparative study of muscle 
autolysis which included squid and Busycon muscle, and indicated a low 
order of activity as compared with vertebrate muscle. Bishop (3) showed 
that the larval “fat body”’ of the honey-bee undergoes disintegration during 
pupation and showed an increased proteolytic rate at that time. Many 
studies have been made upon the digestive enzymes of invertebrates based 
upon their extraction from tissues. The interpretation of these results 
must remain doubtful, since the proteinases reported may be autolytic 
rather than food-digesting in function. In general also, these older 
observations were made before accurate control of the pH was possible 
and before the phenomenon of activation had been discovered. It will 
not be profitable therefore to review this literature. The more recent and 
accurately controlled experiments on invertebrate digestion have been 
reviewed recently by Vonk (4). In a number of investigations cathepsin 
is reported as a digestive enzyme, but its possible function in an autolytie 
role is not considered (5). The present study was pianned therefore as a 
preliminary survey of the autolytic behavior of such invertebrate tissues 
as could readily be obtained in sufficient quantity at Madison, Wisconsin, 
and Woods Hole, Massachusetts. 

Our sampling of the phyla is obviously limited. The two annelids exam- 
ined were the common earthworm Lumbricus terrestris and Nereis virens, 
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representing respectively a land form and a sea form. Among the Mol- 
lusca we have studied the marine lamellibranchs Venus mercenaria and 
Pecten magellicus and the fresh-water forms Lampsilis, Anadonta, and 
Lasmigona; the marine gastropod Busycon was studied and the cephalopod 
Loligo pealii. Homarus americanus and the large edible shrimp Peneus 
selifera represent the Crustacea. Limulus polyphemus represents the 
Arachnids. 

In the case of the worms and the lamellibranchs the whole organism was 
used. It is obvious that such digests represent the proteinases of the 
various tissues together with such digestive enzymes as may normally be 
secreted into the intestinal tract. The results obtained with Nereis, 
Lumbricus, and the lamellibranchs can only be provisionally interpreted, 
since it was not possible to separate the digestive system and its enzymes 
from the other tissues. In the other forms we were able to study single 
tissues, just as has been done with vertebrates. 


EXPERIMENTAL 


Digests were prepared and set up as described in a previous paper (1). 
Hemoglobin was added to some digests as a foreign protein of known fragil- 
ity to supplement the tissue proteins themselves, of whose availability 
as substrate little is known. The presence of this extra substrate may 
serve to disclose a proteolytic enzyme even when the cell proteins them- 
selves are not fragmented. Digests were maintained at the initial pH 
by frequent readjustments during the first 3 days of autolysis with the 
glass electrode. The pH levels used were 2.0, 3.0, 4.0, 5.9, 6.0, and 7.5. 
In the case of Limulus eggs intermediate levels were also used. Samples 
were precipitated by trichloroacetic acid of 5 per cent final concentration, 
and digestion measured by the increase in soluble nitrogen in the filtrates 
and by the increase of the tyrosine color reaction. In some digests we were 
unable to avoid the development of white precipitates with the tyrosine 
reagents, but, as they can be quickly removed by centrifugation and do 
not carry down the color compound, no inaccuracies of color measurement 
were involved. All digestions were carried on at 38° unless otherwise 
specified. In some cases the activating effect of cysteine and the inhibiting 
effect of KIO; were tried, to discover further similarity to vertebrate tissue 


proteinases. 

Nereis—The whole organism was ground fine and homogenized. The 
digestion curve represents a composite of tissue proteinases plus those from 
the digestive tract and glands. From the shape of the curve (Fig. 1) 
it is clear that this mixed material contains proteinases predominantly of 
the tryptic type, with optimum pH at about 7 to 8. The fact that diges- 
tion goes on at pH 2 to 4, however, indicates the presence of proteinase 
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active in this more acid range. A very similar curve is given by hog 
pancreas under identical conditions, when both trypsin and cathepsin 
are known to be present (6). Cysteine and KIO; produced little activation 
or inhibition respectively. Raw hemoglobin is digested best at pH 8, 
which indicates that an enzyme is present not identical with mammalian 
trypsin, to which undenatured hemoglobin is resistant. For the present, 
the evidence indicates an active tryptase and a less active proteinase with 
an optimum in the region of pH 3 to 5. 

Angleworm—The entire organism was used. Proteolytic activity (Fig. 
2) is shown by this composite material between pH 3 and 7.5, with a definite 
optimum at pH 5. This also suggests several overlapping proteinases or @ 
generalized enzyme active over a wide range. 
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Lobster Muscle—Material was obtained from the tail and leg muscles 
free from other tissues or secretions. Fig. 3 shows a low order of proteolytic 
activity with only a small digestion of hemoglobin in the 10 day period. 
A pH of 3 is optimum, with some digestion proceeding between pH 4 and 6. 
Cysteine did not activate digestion, though KIO; gave significant inhibi- 
tion. This probably indicates complete activation of the system by the 
sulfhydryl compounds already present in the tissue. The failure of hemo- 
globin to be digested in the neighborhood of pH 6, while the muscle proteins 
are digested, seems to indicate a tryptase superficially not unlike mam- 
malian trypsin. It is evident that lobster muscle protein can only be 
mobilized slowly for general use by this organism. 

Lobster Digestive Gland—The hepato-pancreas of the lobster is believed 
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to be a true digestive organ secreting into the gastrointestinal tract. Our 
study of this tissue was preliminary and because of lack of time and material 
was adequate only to show that proteolysis at pH 4 is so rapid as to be 
nearly complete in 24 hours, with much greater liberation of tyrosine than 
in most of the invertebrate tissues we have examined. At pH 7.5 digestion 
is also quite good, though less rapid and complete. Cysteine shows a 
slight activation at pH 4 (Table I). 

Shrimp Muscle—Refrigerated shrimps were obtained and the caudal 
muscle dissected free from the intestine and shell. The figures indicate a 
small total digestion, with a sharp maximum at pH 3 and no significant 
digestion at pH 5 and above, which is essentially the same as that for 
lobster muscle. Added hemoglobin was not digested at any pH tried. 

Venus—Whole living clams were ground fine. The digestive mass, or 
midgut gland, makes up about 60 per cent of the entire soft tissues, and is 
richly supplied with the phagocytic cells which carry on the digestion of the 


TaBLe I 
Lobster, Digestive Gland 


Mg. tyrosine per 1 cc. filtrate 





pH 
0 day i day 3 days 5 days 10 days 
Control....... en er 7.5 0.09 0.27 0.29 0.30 0.33 
te ee ee , 4.0 0.09 0.40 0.43 0.49 0.49 
** and Hb ae oe 4.0 0.09 0.60 0.63 0.63 0.63 
” ** cysteine 4.0 0.09 0.42 0.49 0.53 0.53 


fine particles accepted as food by this form. According to Yonge (7) 
digestion of food proteins is accomplished by these wandering cells in the 
lamellibranchs and no proteolytic enzymes are secreted into the gut. 

Two enzymes are clearly indicated (Fig. 4). The predominant one shows 
a maximum autolysis and digestion of hemoglobin at pH 3 to 4, with a great 
deal of activity even at pH 2+. This type of enzyme we have found char- 
acteristic of molluscan tissues. It resembles vertebrate cathepsin grossly 
and is strongly activated by cysteine and inhibited by KIO;. A second 
maximum, much smaller, is found at pH 6.5, which suggests a tryptase. 

Anadonta and Lampsilis—These medium sized, thin shelled, fresh-water 
clams are abundant in the Madison lakes and were obtained in the fall 
just before the winter resting period. The whole animals were used, and 
the curves of autolysis are very similar to those of the sea-clam just de- 
scribed. Digestion of the clam tissue is very rapid and is complete in 5 
days. No tryptase was found. 

Lasmigona, a thick shelled clam often weighing 400 gm. or more, gives 
an identical digestive pattern. 
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Pecten Muscle—The large adductor muscle of this bivalve is readily 
obtained refrigerated in the market. While not perfectly fresh, it had been 
kept frozen and probably represents the living muscle fairly well (8). 

Fig. 5 indicates a very small amount of an enzyme similar to that of the 
bivalve just reported. Hemoglobin is digested slowly, which confirms 
the impression of a very small amount of enzyme present. Cysteine pro- 
duces a slight activation and KIO; a slight inhibition. This tissue is 
strikingly stable. Although it makes up about half the total soft tissue 
of the animal, it evidently cannot be easily or rapidly mobilized for use by 
the organism asa whole. It is rich in glycogen, and acts as a fuel reservoir. 
Functionally it is rather inert as a contractile mechanism, though it is 
capable of making a series of rapid contractions by which the scallop occa- 
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sionally moves about. In this respect it is the most active bivalve muscle 
that we have studied. 

Squid Tentacles—The squid is the most active of the invertebrates 
examined, and the most highly developed. It is in constant motion and 
capable of bursts of great speed for short periods. It cannot support a 
sustained high speed effort, however, and is quickly fatigued to the point 
of helplessness. It is said not to survive long in captivity because of its 
constant activity and the difficulty in providing food which it will take. 

The tentacles were removed and immediately washed to remove salivary 
secretion ejected from the mouth in the premortal struggles. We suspect 
that the tryptic enzyme found in these digests was due nevertheless to such 
contamination. 

Autolysis is much more rapid and extensive than in other molluscan 
muscles we have examined. In Fig. 6 the characteristic sharp peak is 
shown at pH 3. 

Squid abdominal muscle shows almost exactly the same digestion curve 
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(Fig. 7) as that of the tentacles except for the fact that there is less evidence 
of a tryptase. 

Busycon, Pedai Muscle—The pedal muscle of this large gastropod makes 
up nearly 50 per cent of the total animal, exclusive of the shell. When 
contracted it is a firm hard mass which can be easily obtained free from 
contaminating tissue or fluid. It is very difficultly dispersed, however, 
even by repeated grinding and homogenizing, and remains unsatisfactory 
for sampling. In the more acid digests the particles soften somewhat and 
become semigelatinous. There is little or no gross evidence of digestion 
under any conditions. Because of the difficulties of sampling, the indi- 
vidual results are subject to large errors. However, from many experi- 
ments, the curves shown in Fig. 8 are believed to be characteristic and 
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There is very little autolysis in 10 days at any pH. There appears to be 
slight digestion in high acidity, which falls off to a minimum at pH 5 and 
shows a slight increase at pH 7.5. The slight increase of reactive tyrosine 
compounds is so small as to make it doubtful whether we are measuring 
autolysis. There does seem to be a slight digestion of hemoglobin between 
pH 1 and 3, which is probably ev dence of a trace of active proteinase pres- 
ent. Altogether the pedal muscle of Busycon resembles most closely the 
inert adult connective t'ssues of the mammal, such as cartilage, vellow 
elastic and collagenous masses of ligaments, and tendons. Functionally 
the muscle is very slow moving and stands at the bottom of our muscle 
series so far as active contraction is concerned. It is well supplied with 
glycogen, like most molluscan muscle, but can hardly contribute protein 
signifieantly for general use of the organism. We have no data to indicate 
whether atrophic changes ever do occur in this muscle during starvation. 

Albuminiferous Gland—A few ripe females were obtained in which the 
egg capsule-secreting gland was well developed and ready for capsule 
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formation. When ground, this tissue forms a stiff gummy mass rather 
hard to handle satisfactorily. It is loaded with the precursor of the protein 
that forms the insoluble string of “purses” within which the embryos 
develop. It was unlike any other glandular tissue we have examined, in 
that autolysis was very slight, with a maximum at about pH 3, of the same 
order as that found in the pedal muscle. There was considerable digestion 
of hemoglobin, however, at this pH, which indicates that the enzyme is 
not lacking but that the tissue proteins themselves are not available for 
cleavage by it (Table II). 

The egg capsules themselves are composed of a highly insoluble protein, 
which is not digested in pepsin-HC] or active trypsin solutions. The gland 
presents, therefore, some interesting problems in protein transformation 

TaBie II 
Busycon, Capsule Gland 


Mg. tyrosine per 1 cc. filtrate 


pH : sibel - pais 
0 day | 3 days 5 days 10 days 
Control 1.7 0.023 0.032 0.040 | 0.043 
3.0 0.023 0.055 0.057 0.058 
3.5 0.023 0.042 | 0.047 0.050 
4.5 0.023 | 0.026 | 0.026 | 0.037 
6.3 0.023 0.027 | 0.037 0.037 
7.5 0.023 0.031 0.042 0.041 
“and Hb 1.6 0.025 0.058 | 0.064 0.072 
3.0 0.025 0.100 | 0.115 
3.3 0.025 0.100 | 0.135 0.155 
4.2 | 0.025 0.055 | 0.058 0.058 
7.5 0.025 | 0.033 | 0.045 0.054 





from the viscous precursor to the insoluble final product of secretion, after 
it has come in contact with sea water. 

Digestive Gland—The digestive gland of Busycon shows very strong 
proteolytic activity. With the exception of the hepato-pancreas of the 
lobster and the eggs of Limulus, it is the most active invertebrate tissue 
we have found. It shows the characteristic sharp peak at pH 3 common 
to all molluscan tissues we have examined, with a secondary low optimum 
around pH 6 to 7, indicating a tryptic enzyme present in small amount 
(Fig. 9). The gland itself has been reported to contain no trypsin-like 
enzyme (9), while the salivary glands do. It is believed to be absorptive 
rather than secretory in function. The low tryptic activity shown here is 
probably due to the presence of some salivary secretion in the absorbing 
diverticulae of the gland, which could not be entirely excluded from 
the material. 
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Limulus polyphemus—Several large females were secured heavily loaded 
with mature eggs. The latter could be separated easily from ducts and 
ovarian tissue, washed, and obtained uncontaminated. The muscle was 
dissected free from other tissues and from blood and hepato-pancreas. 

Muscle—Muscle tissue autolyzes with a sharp optimum at pH 3. Diges- 
tion between pH 2 and 3 is rapid and nearly complete in 3 days. There is 
no digestion at pH 6 and 7.5, and only a very small proteolysis proceeding 
slowly at pH 5. Between pH 3 and 5, notably at pH 4, digestion proceeds 
slowly, but finally attains nearly maximum proteolysis (Fig. 10). Hemo- 
globin is digested best at pH 3, but not at all at pH 2 or 5. The sharpness 
of the digestive curve is the striking feature of this tissue. 

Hepato-Pancreas of Limulus—The brown masses of this tissue can be 
readily freed from oviducts and eggs. It is homogenized to a smooth 
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suspension susceptible of accurate sampling. Two optima were found, 
one at about pH 3.5 which indicates a cathepsin, the other at pH 7.5 or 
more which indicates a tryptase (Fig. 11). 

Eggs—The opaque gray-green eggs, with a diameter of about 2 mm., are 
obtainable in quantity from the gravid females during the early summer. 
By using screens it is possible to obtain the eggs entirely free from con- 
taminating material. They are not easily ruptured even by fairly rough 
handling in the process of separation and cleansing. They are ground up 
easily into a smooth creamy suspension and are quickly homogenized to a 
uniform fine dispersion except for the tough egg membranes. ‘The disper- 
sions are so uniform and the particle sizes so small that digests may be 
sampled with the regular fine tipped pipettes. 

A preliminary autolytic series showed that digestion was extraordinarily 
rapid and complete, and that activation by cysteine was considerable, as 
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was inhibition by KIO;. A second series was set up with eggs obtained 
from two large females and maintained at a room temperature of about 
24° in order to slow the digestion rate. After 12 days the digests were 
transferred to the warm room at 30°. The intermediate curves are there- 
fore not strictly comparable to the others presented here, though the final 
digestion figures are. 

As Fig. 12 shows, there is no digestion at all at pH 2. At pH 2.5 diges- 
tion is rapid. In the early hours of digestion the optimum is sharp and 
closetopH3. Itgradually shifts to pH3.5 asthe process continues, and when 
final equilibrium is approximated the optimum zone is broader and extends 
nearly to pH 4. Digestion is almost zero at pH 5, and there is no evidence 
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of proteolysis beyond that point. It is evident that very small shifts in 
the H ion in the neighborhood of pH 4.5 will cause extraordinarily large 
differences in the amount of protein mobilized and in the speed of this 
mobilization. Cysteine increases the digestion rate and extent at all pH 
levels where digestion normally occurs. KIO; inhibits strongly, at the pH 
optimum, but digestion continues slowly. The results are strikingly sim- 
ilar to the digestion of mammalian liver for example, except that the curves 
are smoother, narrower, and more sharply defined. This is due in part to 
the fact that this material can be prepared in a homogeneous suspension 
which lends itself to accurate sampling and analysis. The symmetry of 
the curves and the narrow pH range suggest that a single protein consti- 
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tutes the substrate, or, if more than one protein is concerned, at least 
that isoelectric points and fragility of the proteins present are much alike. 

The significance of the autolytic mechanism in the eggs appears to be 
clearly a provision for the mobilization of stored protein into amino acids 
for the synthesis of new tissue protein in the developing embryo. 


DISCUSSION 


From the results of the limited sampling of invertebrate tissues here 
presented, it appears probable that an autolytic mechanism exists through- 
out the invertebrate field, superficially at least like that found in all verte- 
brate tissues. Cleavage is initiated by a proteinase whose maximum 
activity is found to be close to pH 3, and whose effective range is from pH 2.5 
to 5. In some tissue there may be additional proteinases which act best 
near the neutral point or in slight alkalinity. The amount of activity, or 
enzyme present, and the availability of the tissue proteins vary greatly. 
This variation finds its counterpart in mammalian tissues also. In com- 
paring muscles of the several species of molluses studied we find evidence 
that functional activity of the contractile mechanism correlates with its 
autolytie activity, as appears to be the case with vertebrate muscle. 

As a general rule we have found invertebrate tissue proteinase to be sus- 
ceptible of activation by cysteine and of inhibition by KIO;. In some 
instances there is no activation, but the inhibitory effect of the oxidant is 
significant. In these cases it seems probable that the enzyme is already 
fully active when the tissue mince is prepared, and the brilliance of the 
nitroprusside reaction in such tissues is in harmony with this explanation. 

Our tentative conclusion therefore is that a catheptic type of proteinase 
is widely distributed in invertebrate tissues and initiates the autolytic 
mobilization of the tissue proteins. Its optimum appears to be somewhat 
more acid than that found in vertebrates. In certain forms we believe the 
autolytic mechanism also functions as the digestive proteinase—specifically 
in the lamellibranchs in which a true proteolytic secretion into the gut is 
doubtful and in which the primitive device of phagocytosis appears to be 
the only provision for securing amino acids from the food particles. 
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The enzymes which oxidize lower saturated fatty acids are difficult to 
study because of their great instability. It has been found (1) that butyric 
acid can be oxidized by liver tissue even after the cell structure has been 
destroyed. The oxidizing system is inactivated more rapidly in the ab- 
sence of oxygen, and the addition of fumarate increases the rate of 
oxidation. 

An enzyme preparation from rat liver, which oxidizes higher fatty acids, 
was described by Lang (2). Adenylie acid acted as a coenzyme and the 
reaction product was the corresponding unsaturated acid (3, 4). Previous 
work has been reviewed by von Euler (5) and Lang (2). 

Further work on the oxidation of butyric acid and of other acids by 
washed preparations of liver has revealed the identity of some of the com- 
ponents of the oxidizing system. 

EXPERIMENTAL 

Methods—Butyric acid was estimated as previously described (1) after 
precipitation of the proteins with zine sulfate and sodium hydroxide. Al- 
kaline evaporation was omitted. Phosphate was estimated according to 
Fiske and Subbarow (6) after deproteinization with 1 volume of cold 5 
per cent trichloroacetic acid. The phosphate liberated in 7 and 60 minutes 
by 1 N hydrochloric acid at 100° and by hypoiodite, according to Lohmann 
and Meyerhof (7), was also estimated. Oxygen uptake was measured with 
Warburg manometers. 

Adenylic acid was prepared as described by Lohmann (8). Cytochrome 
from muscle extract (9) was dried with 4 volumes of cold acetone and kept 
in a desiceator (about 10 per cent pure). Solutions in 0.1 mM sodium chloride 
were prepared each day. 

Experiments were carried out in Erlenmeyer flasks with shaking at 25° 
and in air. 

Inactivation of Enzyme System—-Homogenized liver tissue is inactivated 
more rapidly in the absence of oxygen (1). Before an ‘Attempt was made 
to purify the system, it was considered convenient to find out whether oxy- 
gen acted on the coenzymes or on the enzyme proper. The experiment in 
Table I shows that the preparation which becomes inactive after 10 minutes 
anaerobically is reactivated by a heated extract of liver. 
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If more time is allowed to elapse, the enzyme becomes inactive with or 
Kj without oxygen and is not reactivated by the heated extract. However, 
this length of time is sufficient to obtain a partial purification if the tem- 
perature is kept low. 

Preparation of Enzyme—Guinea pig liver removed immediately after 
death was washed with ice-cold water, cut with scissors, and again washed. 
The tissue was then transferred to a stainless steel tube closed at one end 
(2.5 X 25 em.) containing 4 volumes of water. A steel ball (diameter 0.5 
mm. smaller than the tube) fixed at the end of a rod was forced into the 
tube and moved vertically. After 60 double excursions of the ball an 
adequate rupture of the cells was obtained. The whole procedure was | 
carried out at the lowest possible temperature without freezing. After 
0.1 volume of 1 M magnesium chloride was added, the preparation was 
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TaBLe I 
Influence of Oxygen on Stability of System 
Rat liver was homogenized in 1 volume of 0.1 m sodium chloride and filtered 
through muslin. One-half was kept at 25° in oxygen, the other half in a test-tube f 
without oxygen during 10 minutes. 2 ml. portions were added to Erlenmeyer flasks ( 
containing 0.2 ml. of 1 m fumarate + 2 ml. of water or heated liver extract (5 minutes ! 
at 80° in 1 volume of water). Total volume, 4.2 ml. 


Treatment of homogenized liver Butyrate disappearance 

micromoles ( 

Kept im Op............. be 8.7 
ea 2 | ‘a 11.3 


|g REESE PP ea aS eee tea ates 0.6 
” te I Se retain yt oe. ree 10.7 


Seen pa 


filtered through muslin and centrifuged 5 minutes at 6000 R.P.M. in a cooled 
centrifuge. The precipitate was suspended in 3 volumes of water, homog- 
: enized, and 0.1 volume of magnesium chloride was added. The 
suspension was again centrifuged and the washing repeated twice more. 
The precipitate after the fourth centrifugation was suspended in 3 to 4 
volumes of 0.1 m fumarate or 0.03 m sodium chloride according to the | 
experiments. The whole procedure lasted about 40 minutes. The ac- 
tivity and degree of purity of the preparation depend on the degree of 
cell rupture, on the volume of liquid used in washing, on the temperature, 
and on the time tHe preparation remains suspended in pure water. 

If the cell rupture is insufficient, a clean preparation is obtained only 
after many washings. If it is excessive, the preparation becomes inactive. 

The suspension of the precipitate in water produces not only hemolysis 
and the removal of many cell substances but also produces inactivation in 
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afew minutes. To prevent this inactivation only 20 to 40 seconds should 
elapse between the suspension in water and the addition of the magnesium 
chloride solution. The addition of salts preserves the activity and makes 
the centrifugation easier. Magnesium chloride is better than sodium 
chloride because it produces a greater insolubility of some active 
components. 

At 0° the enzyme lasts 2 to 3 hours, less at a higher temperature. 
Freezing produces complete inactivation. 

Owing to all these factors and to the variable composition of the liver, 
the resulting preparation varies somewhat in activity and purity. With 
one or two more washings a cleaner preparation is obtained, but the danger 
of inactivation is increased. Even with the procedure as described inactive 
preparations are sometimes obtained. 


Tas_e II 
Components of Oxidation System 
Disappearance of butyrate produced by 2.5 ml. of liver enzymes + 0.2 ml. of 1 m 
fumarate + 0.2 ml. of m/15 phosphate buffer of pH 7.7 + 0.1 ml. of 0.1 mM magnesium 
chloride + 0.5 mg. of cytochrome c preparation + 1 mg. of adenylic acid + 17.3 
micromoles of butyrate. Total volume, 6 ml.; 90 minutes at 25° in air. 





Butyrate disappearance 








| micromoles | micromoles 
CO ECT Pee ore ere Pee 8.2 8.9 
RSE OPE ere er ne 1.9 | 2.6 
“ fumarate...... ha en ARCA oe reNe 3.0 2.6 
“ eytochrome c eT a ie ere —1.2 | —1.2 
FC OU ci 66 cinnatnnken eg enehae tena | —0.9 —1.0 





Components of Oxidation System—The washed tissue is completely 
inactive by itself, but will oxidize butyrate when a heated extract of liver, 
kidney, or heart is added. The fractionation of these heated extracts led 
to the identification of several components, as is shown in Table II. 

In the absence of phosphate or fumarate the system showed a slight 
activity, but not comparable with that of the complete system. In the 
absence of cytochrome or adenylic acid the preparation was completely 
inactive. 

In these experiments the enzyme was prepared with magnesium chloride. 
In other experiments in which sodium chloride was used in the preparation 
it was found that the system was inactive in the absence of magnesium or 


manganese. 
The optimum concentration of phosphate appears to be about 0.01 M, 
although the results varied somewhat with different preparations. With 
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0.002 m a slightly smaller disappearance of butyrate was obtained. This 
was the amount used in the experiments in which phosphate was estimated. 
The optimum concentration of fumarate under the same conditions was 
found to be 0.03 m. With greater or smaller concentrations there was a 
decrease in activity. Malate proved to be much less active than fumarate 
in increasing the rate of oxidation of butyrate, and succinate was inactive. 
With varying amounts of adenylic acid the activity was as follows: 
Adenylic acid, mg....... 0 0.2 0.5 1 2 4 
Butyrate disappearance, micromoles. 0 = 5 9.9 11 11.7 11.7 


Adenylic acid can be replaced by adeny! pyrophosphate. 
Table III shows the results of an experiment in which the oxygen uptake 
was also measured. 


Tasce III 
Components of Oxidation System 


The composition of the system was as in Table II. The oxygen uptake was 
measured in 3 ml. aliquots and calculated for 6 ml. in micromoles of oxygen. 





Oxygen uptake 


_Butyrate 
| With butyrate | No butyrate nee 

micromoles | micromoles micromoles 
Complete system.... .. fe oe 45.0 33.2 9.5 
PR dsiiccaciavcciceacens 2.6 10.0 1.0 
** phosphate. . 30.2 21.2 3.6 
ass creer un etedesees envevees 10.8 11.8 —0.1 
** cytochrome........... , sm 5.0 4.3 0.1 


' 








The highest oxygen uptake was found in the complete system with 
butyrate. However, even without butyrate the oxygen uptake is rather 
high, owing presumably to the oxidation of fumarate. The relation be- 
tween oxygen uptake (after subtraction of the blank) and butyrate dis- 
appearance is 1.2; 7.e., about 1 molecule of oxygen per molecule of butyrate. 
The butyrate oxidation in the absence of added phosphate was probably 
due to the impurity of the enzyme which contained 0.6 micromole of in- 
organic phosphate. 

Oxidation of Other Acids—The oxygen uptake of some compounds related 
to butyrate was measured with and without adenylic acid (Table IV). 

Butyrate and crotonate are the most rapidly oxidized. The latter also 
needs adenylic acid. Isocrotonate also gave an increase in oxygen uptake 
but smaller than did crotonate; the sample used was not pure and may 
have contained some crotonate; nevertheless the experiment shows that 
it is oxidized more slowly than crotonate. §-Hydroxybutyrate gave a 
small increase even in the absence of adenylic acid. 
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with or without adenylic acid. 


Substrate 


None 
dl-8-Hydroxybutyrate 
ce 


Crotonate. 


ce 


TaBLe IV 
Influence of Adenylic Acid on Oxidation of Butyrate and Related Compounds 
Oxygen uptake in 30 minutes at 25° by 3 ml. of the complete system as in Table II 


iat og fis Cis nein iv ke 08 


Butyrate..... 


with different acids (concentration, 0.003 m). 


Substrate concentration 0.003 m. 





TaBLe V 
Oxidation of Various Acids 
Oxygen uptake in 30 minutes at 25° of 3 ml. of the complete system as in Table II 


Adenylic acid 
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Oxygen uptake 





microliters 


42 
101 
53 
126 
24 
185 
23 
139 
172 








The figures given represent the uptake 


in microliters after the uptake with no substrate which is given in the top row is 
subtracted. A negative sign indicates an oxygen uptake lower than with no sub- 


strate. 


No substrate... 
Formate 
Acetate 
Propionate 
Lactate....... 
Pyruvate... 
Butyrate 
Isobutyrate. . 
a-Bromobutyrate 
Valerate 
Isovalerate 
Hexanoate. 
Heptanoate 
Octanoate 
Decanoate 
Dodecanoate. .. 
Stearate 
Palmitate. . 
Oleate 


83 


63 


| 
2 we 


113 


—7 


94 


109 


—25 
— 66 
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As Table V shows, the oxygen uptake was greatest with butyrate, 
valerate, hexanoate, heptanoate, and octanoate; less with isobutyrate and 
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isovalerate. Results with formate, acetate, lactate, pyruvate, propionate, 
and a-bromobutyrate were doubtful, while decanoate, dodecanoate, ste- 
arate, palmitate, and oleate showed a decrease in the oxygen uptake. 

Changes in Phosphate—As shown in Table VI, in the complete system 
without butyrate there occurs an uptake of inorganic phosphate. This 
uptake is very small in the absence of adenylic acid. In the absence of 
cytochrome or fumarate there is an increase in inorganic phosphate which 
is liberated from the enzyme preparation which contains about 7 micro- 
moles per ml. of bound phosphate. 

TaBLe VI 
Changes in Inorganic Phosphate 


The complete system was as in Table II. The results are given in micromoles. 


Initial No butyrate I With a 
. butyrate ance 
Complete system... une atle 15.6 6.2 11.8 14.6 
No cytochrome..... ; wis 15.6 19.6 20.1 0.4 
0 ree Tae ant 15.4 20.4 18.2 6.5 
i ceteveeehaksdaivenn ee 15.2 14.1 16.4 | 0.9 


Taste VII 
Changes in Phosphate Fractions 
The complete system was as in Table II. The results are given in micromoles. 
Each figure is the mean of duplicate estimations not differing by more than 3 per 
cent. 


P hydro- P py" P liber- Titra- 








Inorganic P lyzed in 7 | lyzed in 60 ted k tion Butyrate 
Complete oxidation system min.in N | min. in N _ “d with disap- 
HCl at HCl at tien ypo- pearance 
Initial | Final 100° 100° 7 iodite* 
With butyrate......... 15.3 | 16.5 0.9 1.2 0 7.3 7.5 
No butyrate....... 15.0 | 12.1 1.9 5.7 4.7 12.2 0 


* Corresponds to the iodine consumed by the samples in alkaline medium and 
calculated as pyruvic acid (6 equivalents of iodine per mole of pyruvic acid (7)). 


When butyrate is present, the final amount of inorganic phosphate is 
larger than in the control with no butyrate. The difference is all accounted 
for by a greater formation of phosphopyruvic acid and of adenyl pyrophos- 
phate, as is shown in Table VII. Tests for labile phosphate of the phos- 
phocreatine type (10) or of the acetyl phosphate type of Lipmann (11) 
invariably gave negative results. All these experiments have been repeated 
many times with the same results. 

With low concentrations of fumarate or when none is added as in Table 
VI there occurs a smaller disappearance of butyrate, while the increase in 
inorganic phosphate does not occur. 
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With acetate, 8-hydroxybutyrate, and acetoacetate no changes in in- 
organic phosphate occurred, while with propionate, valerate, hexanoate, 
octanoate, decanoate, and stearate an increase in inorganic phosphate 
was found as with butyrate. 

Inhibitors—F luoride produced a complete inhibition of the disappearance 
of butyrate at 0.01 mM, and about 80 per cent at 0.002 m. The same inhibi- 
tion was obtained with iodoacetate. Arsenate also acted as an inhibitor, 
as did malonate. The latter effect is unexpected, because in liver slices 
malonate increases the spontaneous formation of ketone bodies and does 
not inhibit the oxidation of fatty acids. Methylene blue acted as an 
inhibitor at 0.01 per cent and had no effect at lower concentrations. 

Oxidation Product—Many experiments have been carried out in order 
to measure the amount of acetoacetate and 8-hydroxybutyrate formed. 
Variable results have been obtained, but as a rule hardly any acetoacetate 
was formed and the amount of 8-hydroxybutyrate corresponded approxi- 
mately to the amount of butyrate which disappeared. The oxygen uptake 
corrected for the blank corresponded to about 1 molecule per molecule of 
butyrate. However, owing to the lack of specificity of the method and to 
the variable results, it is considered that further work is necessary before 
the results are published. 


DISCUSSION 


The preparation of enzyme systems which are as labile as that which 
oxidizes butyrate is important, because it is likely that many physiological 
reactions are catalyzed by such systems. The procedure which is de- 
scribed may be useful in studies on tissue metabolism even if it yields im- 
pure preparations only, and often inactive products. 

It is interesting that some of the components of the system which have 
been identified (fumarate, phosphate, magnesium, and adenylic acid) are 
also involved in the oxidation of carbohydrates and their derivatives. 
Perhaps this will give some clue on the relation between fat and carbohy- 
drate metabolism. 

The oxidation appears to be in some way coupled with a phosphorylation. 
Inorganic phosphate, adenylic acid, and magnesium which are known 
components of phosphorylating systems are needed for the oxidation. The 
specific inhibitors of phosphorylations (fluoride, iodoacetate) also inhibit 
the oxidation of butyrate. The changes which occur in the distribution of 
phosphate are difficult to understand. In the absence of fatty acids, 
fumarate is transformed into phosphopyruvate or into a substance that 
gives the same reactions, as has been found by Kalckar (12), and adenylic 
acid becomes phosphorylated. When butyric acid is oxidized, hardly any 
phosphopyruvate or adenyl pyrophosphate is formed. This does not 
appear to be due to an inhibition of fumarate oxidation, because the oxygen 
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uptake is high. With the other saturated acids (5 to 8 carbon atoms) the 
results are similar. Propionate, which does not increase the oxygen uptake 
and disappears at only about 20 per cent of the rate of butyrate, produces 
the same changes in phosphate as butyrate does. Decanoate and stearate, 
which decrease the oxygen uptake, also produced these changes. 

The oxidation of fumarate appears to be necessary for obtaining the maxi- 
mum speed of butyrate disappearance. The mechanism of this oxidation 
has been discussed by Lipmann (13). Succinate is oxidized by the system, 
but probably fumarate is not formed in sufficient amounts to produce an 
effect. Malate is less active than fumarate. 

Our system does not oxidize higher fatty acids as does the enzyme prepa- 
ration described by Lang et al., although it contains adenylie acid and the 
method of preparation does not differ very much from theirs. However, 
the experimental conditions were slightly different because they measured 
the reduction time of methylene blue. Furthermore their enzyme is more 
stable and does not oxidize lower fatty acids; the addition of methylene blue 
to our enzyme did not enable it to oxidize higher fatty acids nor did it 
reactivate the enzyme after standing overnight in the ice box. 


SUMMARY 


The preparation of an enzyme system from liver which oxidizes lower 
saturated fatty acids is described. Inorganic phosphate, fumarate, cyto- 
chrome c, adenylic acid, and magnesium or manganese ions were found to 
be necessary components. 

Fluoride, iodoacetate, arsenate, and malonate inhibit the oxidation. 

The changes occurring in phosphate distribution have been studied. 


It is a pleasure for us to thank Dr. B. A. Houssay for his constant en- 
couragement and interest in this work. 
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In the colorimetric determination of choline two methods are preferred: 
(a) determination as choline iodide (Roman (1)), (b) determination as the 
reineckate of choline (Beattie (2)). 

Precipitation of choline by Reinecke salt, a method of adequate sensi- 
tivity, is perhaps the most widely employed method for the determination 
of this substance which can then be determined colorimetrically by means 
of the reddish color imparted to acetone by the reineckate of choline (Beat- 
tie). However, only rather concentrated solutions furnish sufficient color 
for accurate determinations by this method. 

Rossi, Marenzi, and Lobo (3) studied photometrically the method for 
determining chromate ion (CrO,=), based on the reaction of Cazeneuve (4) 
which can be used for the determination of chromium in reineckates. 
This method has been used by us as the basis of a new method for the deter- 
mination of choline, which is much more sensitive than those existing at 
present. We have also studied the use of Beattie’s method for the estima- 


tion of choline. 


EXPERIMENTAL 


Preparation of Reineckate of Choline—The reineckate of choline was 
prepared in a pure condition, according to the directions of Kapfhammer 
and Bischoff (5). About 0.5 gm. of choline chloride was dissolved in 
100 ml. of distilled water and 100 ml. of a saturated solution of ammonium 
reineckate were added, acidified with a few dropsof HCl. The precipita- 
tion of the reineckate of choline is immediate, but the preparation is kept 
in the refrigerator for 12 hours in order to assure total precipitation. 
The precipitate is separated by centrifugation and washed twice with 96 
per cent alcohol and once with ether. It is then dried in vacuo over 
sulfuric acid. 

The choline reineckate is analyzed by determining its nitrogen by the 
Kjeldahl method and chromium as chromic anhydride (Cr,Os) after ashing. 
The results obtained from nitrogen determinations were largely unsatis- 
factory, while the results obtained from ashing agreed with the theoretical 
values. 

Analysis of Choline Reineckate—Cr.0 3. Calculated, 17.99; found, 18.2 
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In view of the unsatisfactory results derived from the nitrogen deter- 
minations, a purification of the salt and a new determination were 
undertaken. 

To purify the choline reineckate, the salt was dissolved in the least 
quantity of acetone and filtered. The filtrate was diluted with a few 
drops of water, followed by shaking each time, until small brilliant crystals 
appeared. The solution was then kept in the refrigerator overnight to 
complete the precipitation. The crystals were centrifuged, washed once 
with 96 per cent aleohol and once with ether, and then dried in vacuo over 
sulfuric acid. 

The nitrogen content of the choline reineckate was low, the same as 
the values obtained before purification, while the determination of chro- 
mium as the anhydride gave satisfactory results. 


Analysis of Recrystallized Choline Reineckate—Cr,03. Calculated, 17.99; found, 
18.35 

The salt thus prepared was used in the experiments to be mentioned 
later. 


Photometric Study of Beattie Method 


The Pulfrich photometer was used in a study of the determination of 
choline according to the method of Beattie, with the choline reineckate 
which we had prepared. 

The solubility of choline reineckate in aqueous acetone solutions of 
various concentrations was studied initially. Since acetone is a volatile 
solvent, it is inconvenient to use. It was found that 60 per cent acetone 
in water constituted a less volatile solvent which instantly dissolved choline 
reineckate. Lower strengths of acetone did not dissolve the salt com- 
pletely, or else gave rise to a precipitate after some time. 

Standard Solution of Choline Reineckate—34.86 mg. of the salt, equiva- 
lent to 10 mg. of choline, were dissolved in 60 per cent acetone; so that 
each ml. of this solution was equivalent to 100 y (0.1 mg.) of choline. 

Choice of Filter—With this solution and a 30 mm. cube, the results of 
Table I were obtained. The low intensity of color in the solution renders 
necessary the use of a thicker cube in order that the readings may fall 
within the useful range of the photometer. The maximum absorption 
was noted with Filter S-53. Brante (6) advised the use of Filter S-50, 
which has a lower absorption, but did not indicate the basis of this prefer- 
ence nor details of the photometric observations. 

Calibration Curve—Varying concentrations of choline reineckate were 
prepared in 10 ml. volumes of 60 per cent acetone. The readings were 
made with a 30 mm. cube and 60 per cent acetone. From these results 
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the specific extinction coefficient was calculated for 10 mm. thickness and 
for a concentration of 1 mg. of choline in a volume of 10 ml. (Table IJ). 
The specific extinction coefficient thus derived was 0.0921 and the calcu- 
lation of concentration was made according to the formula 


1 
0.0921 < Ex = 10.85 X Ex, = mg. choline in sample 
The results show that up to 500 y of choline can be determined on a 
volume of 10 ml. It is nevertheless possible to increase the sensitivity 


TaBLe | 
Choice of Filter with Acetone Solutions of Choline Reineckate 








Filter No. Maximal absorption, mu E, = extinction, 30 mm. cube 
S-43 430 | 0.118 
8-47 463 | 0.130 
5-50 494 0.232 
S-53 530 0.280 
S-57 572 0.138 
8-61 619 0.025 
8-66 666 0.008 
$-72 729 0.000 


8-75 750 0.000 


Tasie II 
Determination of Specific Extinction Coefficient E» of Solutions of Choline Reineckate 


Eo = specific extinction coefficient, 


Choline Ep, 30 mm. cube 10 mm. thickness, 1 mg. choline 
mg. per 10 ml. ae “Maa eo 
1.0 0.278 0.0925 
0.8 0.220 0.0915 
0.6 0.165 0.0915 
0.4 0.112 0.0931 
Average.. 0.0921 


of the reaction by using a smaller volume of solvent and then using micro 
cubes for the readings, but under these conditions it is difficult to deter- 
mine concentrations below 100 y of choline. Therefore, we continued to 
study the new technique for the determination of choline, as described 
below. 


Determination of Choline by Estimation of Chromium in Choline Reineckate 


The proposed method is based on the oxidation of the chromium of 
choline reineckate to the chromic state by means of alkaline hydrogen 
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peroxide (perhydrol), followed by colorimetric determination of chromate 
by means of the color produced in acidic solution with a solution of di- 
phenylearbazide (Cazeneuve’s reaction). The intensity of the color was 
measured with the Pulfrich photometer. 

The technique of this determination is described below, but the pre- 
liminary experiments are given first. 

Reagents 

Saturated solution of ammonium reineckate in distilled water, prepared 
at the time of using. The concentration of the solution is approximately 
4 per cent. 

96 per cent alcohol. 

60 per cent acetone. 

10 per cent NaOH. 

Perhydrol. 

10 per cent (by volume) H.SQ,. 

0.2 per cent diphenylearbazide in 96 per cent alcohol. This solution 
at first has a faint rosy color, which becomes darker after a few days, but 
the solution can be used, nevertheless. 

Method—The amount of choline to be determined varies between 15 
and 100 y dissolved in water rendered slightly acid with dilute HCl. The 
volume of sample may range between 1 and 3 em. The sample is placed 
in a centrifuge tube with a slender end (+3 mm.) and an equal volume of 
an aqueous saturated solution of ammonium reineckate. The tubes are 
then placed in ice water for at least 20 minutes to complete the precipita- 
tion of choline. Longer chilling does not affect the results. 

The precipitate is separated by centrifugation for 4 minutes at 3000 r.P.M. 
Previous chilling of the copper tube carriers is helpful, as an increase in 
temperature favors the solution of the precipitate. 

At the end of the period of centrifugation, the supernatant is separated 
by means of a small capillary tube with a fine end provided with a suction 
bulb. The liquid is removed as completely as possible without loss of the 
precipitate. The precipitate is then washed by running 0.5 ml. of 96 per 
cent alcohol, previously chilled in ice water, down the side of the centrifuge 
tube. The washing should be carried out with care lest some of the precipi- 
tate be lost. The alcohol is mixed with the residual liquid in the centrifuge 
tube by inclining the tube until it is almost horizontal and the tube is then 
stirred rapidly. This procedure is repeated two or three times, so that 
the excess of ammonium reineckate remaining after decantation is greatly 


lessened. 

The tubes are chilled a few minutes and centrifuged as above. The 
washing is then repeated with 0.5 ml. of cold 96 per cent alcohol under the 
conditions mentioned above. The supernatant liquid after this second 
washing is almost colorless, but a third washing may be necessary. 
































A. D. MARENZI AND C, E, CARDINI 367 


The choline reineckate thus obtained is dissolved in about 1 ml. of ace- 
tone, warmed if necessary, and the solution is transferred to an ordinary 
test-tube. The centrifuge tube is then washed two or three times with 
1 ml. of 60 per cent acetone and the washings are transferred to the same 
test-tube. The following are then added, 1 to 2 ml. of water, 0.2 ml. of 
sodium hydroxide, and 0.1 ml. of perhydrol for each 50 y of choline in the 
sample. An excess of perhydrol does not interfere but unnecessarily pro- 
longs the period of heating in order to destroy the excess. 

The test-tube thus prepared is placed in a boiling water bath. At first 
the heating must be conducted carefully, since the rapid evaporation of 
acetone may induce spattering. After most of the acetone is eliminated, 
the tubes are kept in the bath for 20 to 30 minutes, being shaken frequently 
in order to assist the decomposition of the perhydrol which must be com- 
pletely destroyed, as otherwise no color will form: The final heating is 
conveniently carried out over a naked flame for a few seconds to insure 
the complete destruction of the perhydrol. 

During the heating on the water bath the liquid acquires a yellow color 
from the formation of chromate; occasionally the initial color due to the 
chromate is deepened by a color produced by other substances, an indica- 
tion of insufficient perhydrol. In this case, 0.1 ml. more of perhydrol is 
added and the heating is continued as described above. 

After the oxidation of the chromium, the tubes are cooled, diluted with 
3 to 4 ml. of water, 2 ml. of sulfuric acid are added, and sufficient dipheny!l- 
carbazide solution is added to yield a final concentration of 8 per cent. 
A violet-red color appears. The liquid is transferred to a suitable con- 
tainer and diluted to the appropriate volume. 

The color was measured with the Pulfrich photometer equipped with 
Filter 8-53 and a cube of convenient thickness. The observed extinction 
(E,,) is converted to the standard volume of 1 ce. The comparison cube 
contains a blank consisting of 2 ml. of sulfuric acid and 2 ml. of diphenyl- 
carbazide made up to 25 ml. with water. 

Calculations—The specific extinction coefficient for 1 y of choline in a 
final volume of 25 ml. is 0.011; the calculation is therefore made by the 


following formula, 


x En X 4 = 90.9 X En X os = micrograms choline in sample 
0.011 25 25 

Experiments—The proposed method was finally reduced to a determina- 
tion of chromium according to Cazeneuve’s reaction, the best conditions 
for which were studied by Rossi, Marenzi, and Lobo who considered the 
selection of the filter, the effect of varying concentration of acid, diphenyl- 
carbazide, and of possible interfering substances. It is therefore needless 
to repeat this work here. 
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Determination of Specific Extinction Coefficient of Choline—The quantity 
of chromate corresponding to choline was calculated from the formula 
of choline reineckate and a solution of barium chromate was prepared 
in dilute HCl containing 20.9 mg. per cent, which corresponds to 10 mg. 
per cent of choline; so that 1 ml. of solution contained 100 y (0.1 mg.) 
of choline. Dilutions of choline from 1 to 50 y were prepared from this 
solution, a volume of 25 ml. being used for quantities down to 10 y of 
choline and a volume of 10 ml. for smaller amounts. The results obtained 


Tase III 
Determination of Specific Extinction Coefficient of Choline 


Eo per 1 gm. choline in 


Choline Volume of final dilution | E, per cm. thickness 25 ml. 
Y mil. 5 

50 25 0.540 0.0108 
40 25 0.415 0.0104 
25 25 0.268 0.0107 
20 25 0.210 0.0105 
10 25 0.115 0.0115 
5 10 0.143 0.0114 
l 10 0.029 0.0116 

Average 0.011 

TaBLe IV 


Determination of Choline in Choline Reineckate 


Choline calculated Choline found Difference 
7 7 7 
50 48.17 —1.83 
R 31.81 +1.81 
25 24.54 —0.46 
20 21.81 +1.81 
10 10.91 +0.91 


are shown in Table III. From these data it was calculated that the spe- 
cific extinction coefficient for 1 y of choline in 25 ml. is 0.011. The ealeu- 
lation is carried out with the formula given above. 

Estimation of Choline Reineckate—With choline reineckate made accord- 
ing to the method previously described, a 34.86 mg. per cent solution in 
60 per cent acetone was prepared. Each ml. of this solution is equivalent 
to 100 y of choline. This solution was used for preparation of the dilutions 
mentioned in Table IV, which were placed in test-tubes and then subjected 
to the procedure previously described. The results were satisfactory. 
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Potassium persulfate and silver nitrate were tried as oxidizing agents 
for choline reineckate, but the results were unsatisfactory. 

Experiments on Precipitation of Choline—A solution of choline was deter- 
mined by the method of Beattie and various dilutions of it were prepared 
as shown in Table V. 

At first the effeet of temperature on the precipitation of choline rein- 
eckate was studied, and it was shown that the precipitation was quantita- 
tive in the cold, was complete in 20 minutes in an ice water bath, and that 
a longer period in the ice water did not influence the results. The precipi- 
tation should be carried out in neutral or slightly acid media. 

The effect of variations in the volume of liquid before precipitation was 
also studied. Satisfactory results were obtained when the choline to be 


TaBLe V 
Experiments on Precipitation of Choline 


| 
| 


BF Ey found Final volume Choline found | Difference Error 
| 

Y ml. 7 Y | per cent 
66.94 0.730 25 66.35 —0.59 | —0.88 
66.94 0.700 25 63.63 | —3.31 | —4.94 
66.94 0.760 25 69.08 | +2.14 | +3.19 
10.20 0.440 25 39.99 | 0.21 |  —0.52 
33.47 0.380 25 34.54 +1.07 | +83.20 
33.47 0.390 25 35.45 +1.98 +5.92 
33.47 0.360 25 32.72 —0.75 —2.24 
33.47 0.372 25 33.81 +0.34 | =+1.02 
33.47 0.366 25 33.27 —0.20 —0.60 
20.10 0.240 25 21.81 +1.71 +8.51 
16.73 0.420 10 15.27 —1.46 —8.73 
16.73 0.180 25 16.36 —0.37 —2.21 
16.73 0.172 25 15.63 —1.10 —6.57 


precipitated is contained in from 1 to 3 ml. and an equal volume of 
an aqueous saturated solution of Reinecke salt is added. 

Numerous preliminary experiments demonstrated that choline rein- 
eckate is rather soluble in the liquids used for washing the precipitate. 
This led us, in the first place, to decrease the volume of wash water, and, 
in the second place, to carry out the washings without removing the 
precipitate. The most appropriate washing fluid is 96 per cent alcohol 
chilled in ice water. The washing is carried out with two 0.5 ml. portions 
of cold aleohol, decanted each time with the aid of a capillary tube drawn 
out at the end attached to a suction bulb, without removal of the pre- 
cipitate. During the washing, great care is necessary to avoid loss of the 
precipitate through solution. Decantation must always be done carefully, 
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since the residual liquid which contains Reinecke salt is a source of high 
values. When these precauticns are followed strictly, the recovery of 
choline from solutions of known concentration is satisfactory, as indicated 
by the results in Table V. 

If the solubility of choline reineckate is taken into consideration, to- 
gether with the small amount of material which is precipitated, the results 
obtained will be seen to be perfectly acceptable, even though the per cent 
error may appear excessive. Amounts of choline below 15 y cannot be 
determined, since the error derived from the solution of the precipitate 
becomes too great. 


SUMMARY 


The method for the determination of choline proposed by Beattie was 
studied photometrically. 

A new method for the determination of choline was established, based 
on the precipitation of choline as the reineckate and colorimetric deter- 
mination of the chromium in the precipitate, according to the method 
of Cazeneuve. 

Under the conditions defined by us, this method allows choline to be 
determined in samples containing as little as 15 y. 


BIBLIOGRAPHY 


1. Roman, W., Biochem. Z., 219, 218 (1930). 

2. Beattie, F. J. R., Biochem. J., 30, 1554 (1936). 

3. Rossi, L., Marenzi, A. D., and Lobo, R., An. farm. y bioquim., 18, 1 (1942). 
+. Cazeneuve, A., Analyst, 26, 331 (1900). 

5. Kapfhammer, J., and Bischoff, C., Z. physiol. Chem., 191, 179 (1930). 

6. Brante, G., Biochem. Z., 306, 136 (1940). 




















ON THE DETERMINATION OF THE PHOSPHOLIPIDS IN BLOOD 


By A. D. MARENZI anp C. E. CARDINI 


(From the Biochemistry Laboratory, University of Buenos Aires, Buenos Aires, 
Argentina) 


(Received for publication, November 2, 1942) 


Our previous investigations on the determination of choline led us to 
study the application of the method to the determination of the phospho- 
lipids of the blood and to their distribution as lecithin, cephalin, and 
sphingomyelin. 

The early studies in this direction were devoted to determinations of 
some of these individual constituents. In 1929, Bloor (1) proposed the 
separation of the monoamino monophospholipids (lecithin and cephalin) 
by precipitation from acetone with magnesium salts, followed by oxidation 
with dichromate-sulfurie acid. Kirk, Page, and Van Slyke (2) in 1934 
estimated cephalin by determination of the amino nitrogen in petroleum 
ether solutions of extracts of plasma or tissues. Folch and Van Slyke (3) 
showed, however, that petroleum ether in the presence of phosphatides 
dissolves significant amounts of urea and amino acids from the residues 
of the alcohol-ether solutions, and that the redissolved urea and amino 
acids cause cephalin values estimated from amino nitrogen to be much 
too high. 

In 1936, Thannhauser and Setz (4) described a method for the estima- 
tion of sphingomyelin by precipitation with Reinecke salt, for which 
modifications were later proposed. In 1938, Williams, Erickson, Avrin, 
Bernstein, and Macy (5), making use of the method for choline described 
by Beattie (6), suggested a method for lecithin and cephalin, based on the 
determination of the choline-P ratio of the monoamino monophospholipids 
precipitated with MgCl, according to Bloor. Thannhauser, Benotti, and 
Reinstein (7) in 1939 published a method for lipoid P, choline phospholipids, 
and sphingolipids, from which cephalin was calculated indirectly. Some 
refinements of this technique were introduced by Erickson, Avrin, Teague, 
and Williams (8) in 1940, who also determined cephalin by difference. 

Brante (9) in 1940, making use of a similar method, calculated cephalin 
indirectly from the ratio between choline phospholipid and total phospho- 
lipid. Blix (10) in 1940, on the other hand, determined total phospholipid, 
fatty acids, and glycerol, from which the sphingomyelin concentration 
could be calculated indirectly. 

Our investigations were based on those of Thannhauser, Benotti, and 
Reinstein. Total phospholipid was estimated by determination of lipoid P, 
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sphingomyelin by precipitation with Reinecke salt and determination of 
the phosphorus in the precipitate, and choline phospholipids after hydroly- 
sis. The three phospholipids were determined from these values, cephalin 
being determined by difference. It was found necessary to study sepa- 
rately each step in the fractionation, and therefore each step in the method 
used is described in the following. 


EXPERIMENTAL 


Extraction of Total Lipid—F¥or extraction of plasma lipids, Bloor used 
a mixture of 3 parts of 98 per cent ethanol and 1 part of ether and reex- 
tracted with petroleum ether. The dilution of plasma was 1 to 19 parts 
of the aleohol-ether mixture. The same technique has been used by many 
workers. Thannhauser and Setz extracted the lipids from plasma or 
desiccated plasma with a mixture of equal parts of chloroform or methanol. 
This method has the advantage of avoiding the presence of water and a 
smaller amount of solvent is used. 

A number of workers are not in agreement as to the advantages of the 
reextraction of the extract with petroleum ether according to Bloor. 
While Kirk and collaborators (2) believe that reextraction with petroleum 
ether gives good results, Man (11), Ellis and Maynard (12), Williams and 
collaborators (5), and Erickson and coworkers (8) maintain that petroleum 
ether does not completely extract phospholipids. 

We have compared extraction of plasma phospholipids according to 
Bloor without reextraction with petroleum ether and with extraction of 
plasma dried on filter paper by the same solvent. 

The following procedure was followed for extraction of lipids. An 
absorbent, fat- and P-free paper absorbs 2.5 ml. of plasma and is dried at 
50°. Drying is complete in 10 to 20 minutes. The paper is cut into small 
pieces and placed in a 100 ml. flask. There are added 25 to 30 ml. of a 
mixture of 3 parts of ethanol and 1 part of ether, so that the paper is 
completely covered. The flask is then fitted with a condenser and refluxed 
for 20 minutes on a water bath. The flask is allowed to cool a bit, and 
the liquid decanted into a 50 ml. test-tube. The paper left in the flask 
is washed four to five times with 5 ml. portions of aleohol-ether, the flask 
being heated slightly, and the washings are added to the test-tube, so 
that the final volume of cooled extract is 50 ml. In this manner, a plasma 
dilution is obtained similar to that of Bloor (1:20). 

Extraction by this method was compared with the Bloor method by 
determination of total lipoid P in the extract. Table I shows the results. 
Very similar results are obtained with both methods. Except in two 
instances, the Bloor method gives somewhat higher values, which are 
attributed to the error arising from the volume of the precipitate. Drying 
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on paper allows the plasma to be kept for several days in good condition, 
as we have had opportunity to note. 

Determination of Total Lipoid P—This determination is carried out on 
10 ml. of the alcohol-ether extract, which is equivalent to 0.5 ml. of plasma, 
according to the technique of Fiske and Subbarow (13). If the determina- 
tion is carried out with the Pulfrich photometer with Filter S-75 and a 
10 mm. thickness, the calculation is performed according to the following 
equation. 


100 ahd 
0.143 xX E, X 05 = 28.6 X E, = mg. % lipoid P 
Lipoid P x 25.5 = mg. % phospholipid 


Determination of Sphingomyelin—The determination of this substance 
is based on its precipitability by Reinecke salt from methanol. 


TaBLe [ 
Comparison of Methods for Extraction of Lipids 


Method of Bloor Drying on paper 
Plasma = ——————EeEe 

Lipoid P Phospholipid | Lipoid P | Phospholipid 

mg. per cent mg. per cent mg. percent |= mg. percent 
DOR. cscs 12.44 317 13.38 341 
~ ; 14.01 357 | 13.79 351 
ei 8.44 215 8.15 | 207 
Human...... 7.01 178 6.58 167 
or = 7" 7.87 200 8.01 204 
i Se ' 5.92 150 5.86 149 


ais , 6.95 177 6.86 174 

In theory the determination may be carried out in two ways: by deter- 
mination of P or by measuring the color of the precipitate. 

Colorimetry of the precipitate did not yield satisfactory results. An 
alcohol-ether extract is prepared from 250 ml. of plasma. The extract 
is dried in a vacuum and extracted with chloroform to eliminate any free 
choline. The chloroform extract is then dried and taken up in methanol. 
An equal volume of saturated ammonium reineckate in methanol is then 
added and kept in the refrigerator overnight. 

The precipitate is centrifuged and washed with methanol, acetone, and 
ether. The ether dissolves enough of the precipitate to acquire a gray- 
green color. The washed precipitate is dried in vacuo over sulfuric acid. 

The phosphorus, chromium, and choline content of the reineckate of 
sphingomyelin thus obtained is determined in duplicate, with the results 
shown in Table II, in which the theoretical values for the reineckate of 
sphingomyelin are given according to Thannhauser and coworkers. 








Stee 


—— = 


tne Oh 


aS NTs ore, 


— 





374 DETERMINATION OF BLOOD PHOSPHOLIPIDS 


The results indicate that phosphorus is the only component whose con- 
centration approaches the theoretical value. 

The precipitate contains a greater proportion of choline than of phos- 
phorus, an indication that the extract, in spite of reextraction with chloro- 
form and washing of the precipitate with acetone, contains free choline. 

On the other hand, the precipitate has less choline than chromium, which 
would indicate that Reinecke salt precipitates something that is not 
choline, since the residual chromium (8.22 — 4.59 = 3.63 per cent chro- 
mium) is almost equal to the residual choline (14.60 — 10.68 = 3.92 per 
cent choline). If all the excess choline were bound as reineckate, 1.56 
per cent of chromium would be fixed and 2.36 per cent of chromium would 
be left over as the unknown compound. 

It was concluded from this study of the precipitation of sphingomyelin 
as the reineckate that under ordinary working conditions it is not possible 





TABLE II 
Analysis of Reineckate of Sphingomyelin 
Calculated Found 
‘ ox’ Same | per ont. 

NS deka Sibi beddue ska kas Wa ddnwe eels nods tee 2.73 2.86 
eS es ee ee 4.59 8.22 
Si ccs:acdeuteenkeeas PE oc iad y eaaalel 10.68 14.60 
ratio ratio 

RRS es, Seat 3.89 5.10 
Choline-chromium... 2.33 1.78 
1.68 2.87 


Chromium-P. 
to determine sphingomyelin by determining the chromium in the precipi- 
tate, and that only the value for P is correct. 

In addition, numerous simultaneous determinations of chromium and 
phosphorus were carried out on the precipitates derived from the plasma 
extracts, but no constant ratio between both these components was found. 
Their ratio varied from 1.70 to 2.90, indicating that the precipitate was 
not constant in composition, a logical conclusion from the results detailed 
above. 

We then hoped to determine sphingomyelin by determining phosphorus 
in the reineckate of sphingomyelin, although this would require the use of 
a greater amount of plasma. The method worked out is as follows: Place 
30 ml. of aleohol-ether extract in a 150 ml. beaker (equivalent to 1.5 ml. 
of plasma) and evaporate carefully on the water bath, shaking and avoiding 
overheating of the extract. The dry residue is taken up in methanol. 
2 ml. of methanol are added and carefully brought to a boil, half of the 
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liquid allowed to evaporate, and the remainder transferred to a 15 ml. 
centrifuge tube. The beaker is washed, with the same precautions, with 
three 1 ml. portions of methanol, and the washings transferred to the 
centrifuge tube, which should contain 2 to 3 ml. of a turbid solution of 
phospholipids in methanol. 2 to 3 volumes of a saturated solution of 
ammonium reineckate in methanol, acidified with a few drops of hydro- 
chloric acid and filtered at the time of using, are then added. The tube 
is stoppered and placed in an ice-water mixture for at least 1 hour. A 
longer time does not affect the results. 

Sometimes an abundant precipitate forms, and at other times a fine 
precipitate which settles easily. 

The precipitate is then centrifuged for 4 to 5 minutes at 3000 R.P.M. 
The supernatant is decanted by inversion of the tube, and the mouth of 
the tube is cleaned with filter paper. The residue is first washed with 
2 ml. of cold methanol, the precipitate being suspended in the liquid with 
the aid of a slender glass rod. The tube is restoppered and again chilled 
for 5 minutes, and centrifuged as before. The supernatant is decanted 
and the residue washed with 2 ml. of acetone, the precipitate being sus- 
pended in the acetone as indicated for methanol. The tube is then cooled 
in ice water for 5 minutes, centrifuged, and decanted as before. 

The residue is then dissolved at room temperature in 1 ml. of 5 N HSO, 
and is transferred to a large combustion tube to ash the phosphorus, 
according to the technique of Fiske and Subbarow. The centrifuge tube 
is washed twice with methanol-acetone to assure a quantitative transfer. 
The remainder of the procedure is the same as that followed in the deter- 
mination of total lipoid P. At the end of the combustion the residue is 
transferred to a 10 ml. tube with the aid of several portions of water until 
a volume of 7 to 8 ml. is reached. As the solution thus obtained is always 
slightly turbid, it is convenient to filter it through a small fine filter, which 
is then washed. 

To the solution thus obtained are added 1 ml. of molybdate and 0.4 ml. 
of the reducing reagent. Water is added to bring the volume up to 10 ml. 
and the color is measured in a photometer 5 minutes after the reaction by 
use of Filter 8-75 in a depth of 10 mm. 

The calculation of sphingomyelin is carried out according to the follow- 
ing equation. 


100 
E X 0.0715 X Oe Te E X 4.767 = mg. % P 


% P X 26.84 = mg. % sphingomyelin 


Various experiments were performed before the technique described 
above was established, having to do for the most part with the washing 
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of the precipitate, to determine whether it was possible to obtain a product 
with a constant chromium-phosphorus ratio. 

It was also observed that an excessive number of washings, as advised 
by Erickson and collaborators, always leads to an appreciable loss of P. 
Also, ether cannot be used as the wash liquid for the reineckate of sphingo- 
myelin because of the appreciable solubility of the compound in ether. 

Previous extraction of the aleohol-ether extract with chloroform, in order 
to eliminate choline, is of no advantage in the determination of sphingo- 
myelin, since chromium cannot be determined for the reasons previously 
described and would represent merely a complication of the method. 

Determination of Choline Phospholipids (Lecithin and Sphingomyelin)— 
In the determination of choline by the chromium content of the reineckate 
of choline, obtained after the hydrolysis of the phospholipids, it is possible 
to diminish considerably the amount of alcohol-ether extract required. 
The choline phospholipids can be determined on a 0.25 to 0.50 ml. sample 
of serum (equivalent to 5 to 10 ml. of aleohol-ether extract). 

The method in use by us is the following. Place 5 ml. of alcohol-ether 
extract in a 100 ml. beaker and evaporate on the water bath, avoiding 
overheating of the residue. The residue is reextracted two to three times 
with small portions of chloroform (2 ml. per portion) in the cold, in order 
to eliminate free choline as much as possible. The chloroform extract is 
then transferred to a small round bottomed flask and the chloroform is 
evaporated on the water bath. There are added to the residue 2 ml. of 
5 n HCl in methanol, according to the method of Thannhauser, Benotti, 
and Reinstein, who used a reflux condenser and heated the extract with 
a small flame for 3 hours in order to hydrolyze the phospholipids. 

At the end of the heating, the methanol-HCl is evaporated on the water 
bath to a small volume and the final drying is conducted in vacuo. The 
residue is taken up in small portions (0.5 ml.) of 2 per cent aqueous HCl; 
five to six of these washings are transferred to a 15 ml. centrifuge with a 
narrow taperedend. It is convenient to filter the extraction liquid through 
a small moistened cotton filter in order to retain the fatty acids liberated 
by hydrolysis. The liquid thus obtained is precipitated with an equal 
volume of saturated aqueous ammonium reineckate, and the remainder 
of the procedure follows the lines laid down for the determination of choline 
(Marenzi and Cardini (14)). 

When the extract is made according to Bloor’s directions, at times a 
copious precipitate forms and it is then convenient to carry out the first 
washing, the precipitate being stirred up with a slender glass rod. 

By the technique described above, the development of the final color 
can be carried out on a volume of 25 ml. and the calculation is then per- 
formed according to the following formulae. 
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1 . 
90.9 X EX og = 36.360 X E = micrograms % choline 


or 
36.36 X E = mg. % choline 


Choline X 6.7 = choline phospholipid 


We have carried out the hydrolysis with NaOH according to Brante 
with good results. The method adopted was the following. 5 ml. of the 
alcohol-ether extract are taken up in chloroform and transferred to a 
50 ml. flask. 5 ml. of absolute alcohol and 0.5 ml. of 2N NaOH are added, 
and the flask heated on a water bath under a reflux for 1 hour. The 
extract is then transferred to a beaker and evaporated. When only 1 ml. 
remains, the alkali is neutralized to phenolphthalein with 2 N HCl. The 
evaporation is carried to dryness and the procedure then is the same as 
for the previous hydrolysis with methanol-HCl. 





TaBLe III 
Distribution of Phospholipids in Human Plasma 
Total Choline | : 
—e ' 
phospho ares | Lecithin | Cephalin | ina | Choline 
' HEE, 
Mg. %.. | 203.74 | 159.67 | 126.78 | 42.71 | 35.35 | 23.83 
% total phospholipid. .... 78.49 | 61.46 | 21.50 | 17.05 | 
: Bala! Fad 


Barium hydroxide hydrolysis was not tried, since, according to Thann- 
hauser, no more than 60 per cent of the sphingomyelin is hydrolyzed and 
the method is complicated by the necessity of eliminating the barium. 

Distribution of Phospholipids in Plasma—The following relations were 
calculated: total phospholipid minus choline phospholipid = cephalin; 
choline phospholipid minus spingomyelin = lecithin; sphingomyelin deter- 
mined directly. 

The results obtained with human plasma are shown in Table III. 
These results differ in general from those of Thannhauser and Erickson. 
The per cent of lecithin obtained by our method is greater than that 
obtained by Erickson. The per cent of cephalin differs notably from that 
obtained by Erickson and by Thannhauser, but approximates the value 
obtained by Brante (22 per cent). The per cent of sphingomyelin is very 
close to that obtained by Erickson and is greater than that assigned to it 
by Thannhauser and by Blix (13 per cent). 


SUMMARY 


The method for the determination of choline described by the writers 
was applied to the determination of the choline phospholipids of plasma. 
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A study of the composition of the reineckate of sphingomyelin demon- 
strated that the pure salt is not precipitated from alcohol-ether extracts 
of plasma and that sphingomyelin can be determined only from the phos- 
phorus content of the precipitate. 

Values were established for human plasma and the percentage of dis- 
tribution of the three phospholipids. 

The conversion factors from phosphorus and choline to phospholipid 
received a theoretical treatment. 
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THE METABOLISM OF ESTRONE IN MEN* 
By W. H. PEARLMAN ann GREGORY PINCUS 


(From the Physiological Laboratories, Clark University, Worcester) 


(Received for publication, October 15, 1942) 


In 1938, Dingemanse et al. (1) isolated estrone from the urine of men; 
one-half to two-thirds of the total estrogenic activity was found in the 
non-ketonic fraction. In an endocrine-cancer study conducted in this 
laboratory (2), information was obtained regarding the nature of the non- 
ketonic estrogens normally excreted by men; these appeared to be estradiol 
and estriol. More recently, an increase in the estrogenic titers of certain 
urine fractions was observed after the administration of estrone to non- 
cancerous men (3); the physical and chemical properties of the substances 
responsible for the estrogenic activity of the non-ketonic “weak” phenols 
and the “‘strong’”’ phenols resembled closely those of estradiol and estriol. 
More direct evidence was considered desirable. Large quantities of estrone 
were injected into men and an attempt was made to isolate the estrogeni- 
cally active metabolites of the ketonic hormone. The outcome of this 
investigation is now reported. 


EXPERIMENTAL 


Administration of Estrogen— A total of 1.05 gm. of estrone acetate, m.p. 
124—125°! (prepared from estrone which had been obtained from pregnant 
mare urine), was dissolved in olive oil and injected intramuscularly into 
seven healthy young men. No more than 50 to 160 mg. of estrone acetate 
was injected at any one time and no man received more than 160 mg. in all. 
Two of the subjects experienced nausea and vomited within 24 hours fol- 
lowing the injection. Hypertrophy of the breast and tenderness of the 
nipples became evident in several subjects within a week; regression ex- 
tended over a period of a few weeks. 

Collection, Hydrolysis, and Extraction of Urine—The urine was collected 
for 96 hours following estrogen administration; 30.7 liters were obtained. 
The urine was preserved with toluene and hydrolyzed within 48 hours after 
collection by boiling with 15 per cent concentrated HCl (by volume) for 7 
minutes. The hydrolysate was rapidly cooled and extracted with ethyl 
ether. 


* Aided by grants from G. D. Searle and Company and the Committee for Re- 
search in Problems of Sex of the National Research Council. 
! All melting point values reported are corrected. 
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Fractionation of Urine Extracts*—The ether-soluble material of the urine 
was separated into acids, phenols, and neutral substances by usual meth- 
ods. The phenols were taken up in benzene and extracted with 0.3 m 
NazCO; in order to obtain the estriol fraction and the procedure then 
repeated. A sharp separation of estriol from other estrogens is thereby 
effected. Mather (5) had previously determined the partition ratios for 
crystalline estriol and other estrogens. His findings have been confirmed 
by Bachman and Pettit (6) and also by us (3). Mather also found that 
the partition ratios were essentially the same when crystalline estrogens 
were added to crude urinary extracts (private communication). The 
distributions between benzene and sodium carbonate have been used to 
advantage by other investigators (6-9) and also previously by us (3) in 
working up crude estrogen extracts. 

The weakly acidic phenols (benzene phase) were fractionated into ketones 
and non-ketones by the method of Girard and Sandulesco (10) with the 
use of Reagent T. The non-ketonic “weak” phenols (estradiol fraction) 
and the “‘strong”’ phenols (estriol fraction) were treated with succinic and 
phthalic anhydride respectively under conditions previously described (11). 
The hydrolysis of the succinic acid esters was carried out at room tempera- 
ture for 24 hours with 5 per cent KOH in 90 per cent methanol; the period 
of hydrolysis was 48 hours in the case of the phthalic acid esters. The 
hydrolysates were poured into water, acidified to Congo red with dilute 
HCl, and extracted with ether. The anhydrides of succinic and phthalic 
acids have been extensively employed in removing hydroxylated steroids 
from non-hydroxylated substances. Although estrone possesses a hydroxyl 
group, it is not esterified by the aforementioned procedures; however, 
hydroxy! groups in the non-benzenoid portion of the estrogen molecule, as 
in a-estradiol or estriol, will react (3). The quantitative separation of 
micro amounts of estrogens into “alcohols” and ‘‘non-alcohols” with the 
aid of succinic anhydride has been demonstrated (3). 

When phthalic anhydride was permitted to react with 350 y of estriol, 
78.4 per cent of the original estrogenic activity was recovered in the “alco- 
holic”’ fraction and 3 per cent in the ‘“‘non-alcoholic.”” An estimate may 
thereby be obtained of the recovery of estriol after the urine fraction has 
been treated with phthalic anhydride. The esterification procedure 
serves as an effective check on the efficacy of the ketone separation. It 
also results in considerable enrichment of the non-ketonic fraction of the 
urine extract in estrogenic activity (cf. flow sheet). The dicarboxylic 
anhydrides have found commercial application in the extraction and puri- 
fication of the estrogenic hormones of pregnancy urine (12). 


? A preliminary report has appeared (4). 
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The course of the fractionation of the urinary estrogens is described 
in the flow sheet; the weights of the various fractions and their estrogenic 


Fractionation of Urinary Phenols 





| Total phenols | 





| Extracted with 5 X 50 cc. 0.8 m Na;CO, 
from 50 cc. benzene 


4 





Carbonate extract 
acidified to Congo 
red with dilute 
HCl; ether extract 
evaporated, taken 
up in 50 cc. ben- 











| 
| 
Benzene 
| 
| 
4 





























| Extracted with 2 X 50 ce. zene, and _ ex- 
0.3 m NazCO; tracted with 3 X 50 
: | c¢.0.8mM NazCO; 
| Benzene ~-— Carbonate, 435 r.u. | : ‘ 
| Both fractions combined | Carbonate (estriol 
| Weak phenols fraction) 28,500 r.u. 
hes ' j 
| Treated with poy 
| Reagent T; non-ketonic Extracted from 20 ce 
| fraction again treated hencene with 2 X 
| ] 20 cc. 70% ethanol 
| Non-ketonic weak | | Ketonic weak 
| phenols (estradiol | | phenols Apnea Benzene 
fraction) 59 mg.; | fraction) 29 mg.; am 3? 
| 28,240 r.u. | 23,200 r.u. | 67 mg. ; 1650 r.u. 
| Extracted with 4 X 25 cc. 70% ethanol 
| 70% ethanol from 25 cc. 104 mg. 
| benzene . : 
Treated with 
es Benzene phthalic 
| 14 mg.; 2180 r.u. anhydride 
70% ethanol | __,Non-alcoholic 
43 mg. 54 mg.; 3160 r.u. 
| Treated with succinic 
| anhydride ; Alcoholic 
___,Non-aleoholic 10 mg.; semicrystalline 
| 24 mg.; 3145 r.u. 
t 
Alcoholic 


(Estradiol fraction) 
7.2 mg.; 16,200 r.u. 


activities are indicated. Bioassay was performed on spayed adult rats 
by a method previously described (2), with the vaginal smear technique. 
The estriol fraction finally gave 10 mg. of a semicrystalline product which 
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yielded from ethyl acetate 1.6 mg. of crystals, m.p. 266—268°. Reerys- 
tallization from the same solvent gave 0.6 mg., m.p. 269-270°; a mixed 
melting point determination with estriol (see Table I), m.p. 271-273°, 
was 268-272°. An additional 2 mg., m.p. 268-270°, were obtained from 
the mother liquors; the acetate after a single crystallization from aqueous 
methanol melted at 115-118°, gave no melting point depression with 
estriol acetate, m.p. 124.5-125.5°, but caused a marked depression in 
melting point on admixture with estrone acetate, m.p. 124-125°. A 
comparison of the properties of the estriol isolated and estriol is presented 
in Table I; a close similarity is apparent. It is very unlikely that the 
estriol isolated arose from endogenous estrogen and not from the estrone 
injected, in view of the extremely low estriol (2, 3) and total estrogen 
(1-3) content of the urine of males. Furthermore, when 0.051 gm. of 
estrone acetate was administered to one of the authors (W. H. P.) in a 
preliminary run, the estriol titers of the urine for the first, second, and 
third 48 hours were 825, 342, and 38 rat units respectively. Incidentally, 
it was for this reason that the urine collections were made for the first 
96 hours following estrogen injection. 

The non-ketonic ‘‘weak”’ phenols (estradiol fraction) finally yielded 
7.2 mg. of brown oil which assayed for 16,200 rat units of estrogenic 
activity or an equivalent of 2.03 mg. of a-estradiol. An attempt to obtain 
the crystalline estrogen with the use of digitonin (17) was unsuccessful 
when the method of Huffman et al. (8) was employed; the digitonin pre- 
cipitation was carried out at approximately 5° instead of at room tem- 
perature. The ketonic ‘“‘weak’” phenols (estrone fraction) vielded on 
repeated recrystallization from methanol 1 mg. of impure estrone, m.p. 
250-253°, which gave no depression in melting point on admixture with 
authentic estrone, m.p. 258—259°. 

Oxidation of Estradiol Fraction—-There is reason to believe that the 
estrogen components of the “estradiol” fraction are either a- or 8-estradiol 
or both. The crystalline steroids and the estrogenic material contained 
in the fraction are non-ketonic, ‘“aleoholic,”’ and weakly acidic phenols. 
We have previously shown (3) that the estrogenic activity of a similar 
“estradiol” fraction was partitioned between benzene and 70 per cent 
ethanol in a manner identical with that of crystalline a-estradiol. Stereo- 
isomers of estradiol have been isolated from pregnancy urine (8, 18, 19) 
and after the administration of estrogen to non-pregnant animals (20-22). 
Estrogens of the equilin and equilenin series appear to be confined to the 


Equidae. 
Assuming that both are present, it was calculated that the 7.2 mg. of 


oil (16,200 rat units) obtained from the “estradiol” fraction contained 1.97 
to 2.03 mg. of a-estradiol and a maximum of 5.2 mg. of 6-estradiol. The 
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presence of a-estradiol can be detected and the relative amounts of the 
a and 8 isomers calculated by indirect methods involving oxidative pro- 
cedures. Thus, if a-estradiol is quantitatively oxidized to estrone, the 
estrogenic activity would be only one-eighth of that originally present, 
since this is the relative order of activity of these steroids by our method 
of assay. With @-estradiol, an increase of 12.5 times in the activity 
should occur. If a mixture of isomeric diols were oxidized, and the con- 
version factor determined, the quantity of each component originally 
present is calculable. The wide divergence in the relative activities of 











TaBLe I 
Comparison of Certain Properties of Estriol Isolated and Estriol— 
Property Estriol isolated Estriol 

M.p., °C. Pe pea, i oiweltkeaes See 269-270 271-273* 
Fstropeni potet ney (1 y), rat units. 1.05 1.0 

% total activity extracted from benzene by 0.3 M NaC Ost... 98.9 98.0 
C _ 9 ” es ” “* 70% ethanolf. . 82.4 86.8 
Absorption maxima in David (15, 16) color test, mp......| 655, 510 -~ 510 


* The melting point of the estriol used for purposes of comparison is 10° low er than 
that reported for pure estriol (13). It has been suggested that contamination with 
estrone might account for the low melting point values reported in the literature for 
this steroid (14). However, our specimen of estriol is almost completely extracted 
from benzene by sodium carbonate, whereas little or no estrone is similarly extracted 
(5). Furthermore, when the estriol was treated with phthalic anhydride, of the total 
activity recovered, 96 per cent went into the “‘aleoholic’’ fraction; estrone behaves 
as a ‘‘non-alcoholic’’ substance under similar treatment. A mixture of estriol, m.p. 
271-273° corrected, and authentic estrone, m.p. 258.5-259.5° corrected, melted at 
242-255° corrected. Contamination, not with estrone but possibly with some non- 
ketonic substance, may account for the low melting point of the estriol which was at 
our disposal. 

+t Two extractions with equal volumes of both solvents. 

t One extraction with equal volumes of solvents. 


a-estradiol, estrone, and 8-estradiol would permit a fair degree of precision 
in such calculations. In our studies the mild oxidative procedure of 
Oppenauer (23) was employed. 

Practically no destruction of steroid material resulted when 167 rat 
units of estrone were subjected to the Oppenauer oxidation; 93 per cent 
of the estrogenic activity was recovered in the ketonic fraction after treat- 
ment with 0.5 gm. of Girard’s Reagent T. The oxidation of estradiol 
was, however, not complete, judging from the activity remaining in the 
non-ketonic fractions. This was taken into account in calculating con- 
version factors for a- and 6-estradiol, respectively. The data for the oxi- 
dation of the crystalline isomeric estradiols and of the urine concentrate 
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are given in Table I1; the method of caleulating the factors is indicated. 
As can be seen from Table II, the observed and theoretical conversion 
factors for the crystalline estrogens agree fairly well. Since a-estradiol 
is more rapidly oxidized (approximately 1.4 times) in the Oppenauer re- 
action than is 8-estradiol, the conversion factor cannot be strictly applied 
in the analysis of mixtures of the two isomers. None the less, it is obvious 





Taste II 
Oppenauer Oxidation of Estrogens 


Estrogenic activity 


Conversion 





Substance oxidized atin After oxidation factne” 
onidation Non-ketones Ketones 
rat unils ral unils rat unils 
«-Estradiol 1815 370 173 0.119 
IS15 478 131 0.099 
Average found 0.11 
Theoreticalt 0.125 
6-Estradiol 17.9 S 113 11.9 
130 Y1L.4 732 19.4 
Average found 16 
Theoretical t 12.5 
Urinary estradiol fractiont 1144 617 62 0.118 
1144 299 61.5 0.070 
0.094 


Average found 


* Conversion factor = 
ketonic rat units (after oxidation) 
rat units (before oxidation) minus non-ketonie (after oxidation) rat units. 

t Theoretical values were obtained on the assumption that estrone is the oxidation 
product. The estrogenic activities for 1 y of crystalline a-estradiol, 8-estradiol, 
and estrone are 8.0, 0.08, and 1.0 rat units respectively. 

t Most of the estrogenic activity was recovered after digitonin treatment of the 
7.2 mg. of oil obtained from this fraction; aliquot portions were oxidized. The period 
of refluxing in the oxidations was 6 to i2 hours. The ketones were treated once more 
with the Girard’s reagent in all cases except in the oxidation of the a-estradiol. 


that little or no 6-estradiol can be present in the urine fraction, since the 
conversion factor obtained for this fraction so closely approaches that for 
pure a-estradiol. The oxidative procedure employed was as follows: 
The desiccated steroid preparation was dissolved in 5 ec. of dry acetone 
to which was added 0.5 gm. of aluminum ftert-butoxide dissolved in 10 ce. 
of dry benzene. The solution was refluxed for 6 to 12 hours, permitted 
to cool, and added to 20 cc. of ether. The ether was washed with dilute 
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HCl, then with water, and evaporated. The residue thus obtained was 
resolved into ketonic and non-ketonic moieties (10) and submitted to 


bioassay. 
DISCUSSION 


Our data clearly indicate that men can effect a partial conversion 
of administered estrone to estriol. Other investigators have shown that 
this process occurs in the mammalian organism but the evidence submitted 
was of indirect nature. Thus, Smith and Smith (24) showed that excessive 
amounts of estriol were excreted in the urine of women after the adminis- 
tration of estrone. Pincus and Pearlman (3) confirmed these findings and 
secured additional indirect evidence that the estrogen metabolite in ques- 
tion was indeed estriol. Pincus and Zahl (25) found that the presence of a 
functional uterus in the rabbit was essential to the estrone-estriol con- 
version. It appears from our present findings that the uterus is not 
essential, at least not in the human species. It is possible, however, that 
the uterus normally facilitates this transformation. Longwell and McKee 
(9) injected dogs with estrone and obtained from the bile a carbonate 
fraction possessing estrogenic activity. It is quite likely that estriol is 
the estrogen responsible for the activity of this fraction in view of the fact 
that estriol alone,’ of the various naturally occurring estrogens, is extract- 
able from benzene by a sodium carbonate solution. 

A conversion of a-estradiol to estriol in the animal body is theoretically 
possible in view of the fact that a-estradiol is partially converted to estrone 
in vivo (26, 27), and we have shown that the latter steroid may in turn 
give rise to estriol. Doisy, Thayer, and Van Bruggen (28) found evidence 
for the excretion of estriol in an ovariectomized-hysterectomized monkey 
after the injection of 8-estradiol. It is not, however, established that the 
isomeric estradiols must first be transformed to estrone and the latter 
in turn to estriol. Fieser (29) and also Marrian (30) suggested an in- 
termediate step involving the hydration of the enolic form of estrone. 

Oxidation of estriol may lead to the formation of 16-ketoestrone, 
according to a theory proposed by Marrian (30). This steroid has been 
recently prepared from estrone by Huffman (31); a 16-hydroxyestrone 
and a compound isomeric with estriol were also obtained. A study of the 
properties of these compounds may be useful in the search for estriol 
metabolites. One might expect, however, that a 16,17-diketone would 
be very susceptible to oxidation in the organism, leading to the formation 


* It was considered of interest to determine the partition coefficient of 8-17-dihy- 
droequilenin, an estrogen possessing rather strongly acidic properties (19). A speci- 
men kindly furnished by Professor O. Wintersteiner, when partitioned between equal 
volumes of benzene and 0.3 m NasCQs;, remained chiefly in the organic phase; 92.5 
per cent of the total estrogenic activity recovered was found therein. 
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of the corresponding dicarboxylic acid. Alkaline fusion of estriol will 
lead to the formation of a degradation product of the latter type (32, 13). 
The glycol group of estriol is readily oxidized by lead tetraacetate; a 
16,17-dialdehyde is probably formed (8). A search will be made for 
oxidation products of estriol in the acid fraction of the urine extracts 
obtained in our study. 

The fact that estriol is not converted to any appreciable extent to 
estrone or estradiol, whereas the converse is true, leads one to expect 
estriol to be the chief estrogen metabolite excreted. This appears to be 
the case in human pregnancy. However, estriol has not been isolated 
from the urine of species other than the human, although there is some 
evidence for the normal occurrence of estriol in the urine of non-pregnant 
chimpanzees (33). That estriol is no less resistant to destruction than 
are the other estrogens has been demonstrated (28); the inactivation proc- 
ess may be that already alluded to and may also include other mechanisms 
for the inactivation of estrogens, as recently reviewed by Heard and 
Hoffman (27). 

Theoretically, both a- and 6-estradiol may arise as the result of the in vivo 
reduction of estrone. In the rabbit, only 8-estradiol has been recovered 
after the administration of estrone (20); when a-estradiol is given, fairly 
large amounts of 8-estradiol are recovered from the urine (21, 22). Our 
data indicate that in men the formation of the @ isomer of estradiol is 
favored after the administration of estrone. Heard and Hoffman (27) 
recovered no 8-estradiol after the injection of a-estradiol into a young man. 
It is interesting that a-estradiol, but as yet no 6-estradiol, has been isolated 
from human pregnancy urine (8), whereas the urine of pregnant mares 
has yielded both diols (18, 19). 


The assistance of Miss Mary Ruth Jones is gratefully acknowledged. 
Dr. Oliver Kamm of Parke, Davis and Company kindly supplied the estriol. 
Dr. Erwin Schwenk of the Schering Corporation donated the a-estradiol. 
We are especially indebted to Dr. R. D. H. Heard for the 8-estradiol. 


SUMMARY 


Massive doses of estrone, as the acetate, were injected into seven young 
men. From the strong phenolic fraction of the urine which was collected 
for 96 hours following the injection, there was recovered a small amount of 
crystalline estriol. An exogenous origin of the estriol isolated is precluded. 

The high concentration of estrogenic activity in the weakly acidic, 
phenolic, non-ketonic fraction appears to be due chiefly to a-estradiol. 
This is substantiated by the changes in the activity of this fraction after 
the application of mild oxidative procedures. 
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THE CONVERSION OF TRYPTOPHANE TO A PLANT GROWTH 
SUBSTANCE BY CONDITIONS OF MILD ALKALINITY* 


By SOLON A. GORDON anv SAM G. WILDMAN 
(From the Department of Botany, University of Michigan, Ann Arbor) 


(Received for publication, November 30, 1942) 


During the course of a recent investigation, it was shown that auxin 
could be liberated by enzymes from the isolated leaf proteins of spinach 
(10). In order to utilize a more rapid method of hydrolysis, cytoplasmic 
proteins of spinach were refluxed with alkali. Approximately 10 times as 
much auxin was obtained by hydrolysis of the proteins with weak concen- 
trations of sodium hydroxide as by the use of tryptic extract, a purified, 
non-crystalline pancreatic preparation of trypsin. Table I illustrates this 
difference. 

Diffusion experiments (10) were undertaken to compare the relative 
molecular size of the auxin released by enzymes with the auxin released by 
alkali. Fig. 1 shows that the slopes of the curves for indoleacetie acid and 
the auxin released by alkali are similar, while both are steeper than the 
diffusion curve for auxin released by enzymes. Hence, the auxin obtained 
by alkali was suspected of being an artifact produced by chemical means. 
Since analyses of the cytoplasmic proteins from spinach made by Chibnall 
(4) showed a tryptophane content of 1.7 per cent, and since Thimann (7) 
has postulated the oxidative deamination of tryptophane by microorgan- 
isms to 8-indoleacetic acid, it was considered that tryptophane in the leaf 
proteins might be converted to indoleacetic acid by the treatment with 
alkali, particularly in light of the similarity in diffusion rates mentioned 
above. 

The Avena test offers a very sensitive method for the detection of ex- 
ceedingly minute amounts of growth-accelerating substances. For 
instance, in the tests carried out in this laboratory, 0.9 @¢.mm. agar blocks 
containing 20 y of indoleacetic acid per liter will generally produce an 
average curvature of 10° when applied unilaterally to Avena coleoptiles 
(mean of twelve test plants). A simple calculation will show that ap- 
proximately 1.8 K 10-° y of indoleacetic acid applied to one oat coleoptile 
is sufficient to cause a bending of 10°. Thus, it is possible to detect the 
presence of growth substances in amounts which would elude analysis by 
usual chemical methods. Accordingly, a study was instituted in which 
tryptophane was subjected to various conditions and analyses were made 
for growth-promoting substances formed under those conditions. Simi- 


* Paper from the Department of Botany of the University of Michigan, No. 808. 
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larly, proteins of animal origin containing or lacking tryptophane were 
studied for growth activity. 


TaBLe I 


Comparison of Amount of Auxin Released from Cytoplasmic Proteins of Spinach by 
Enzymes and Alkali 
The proteins were digested with enzymes for 72 hours at 37° in KH,PO,-NaOH 
buffer at pH 8.0. 


i Type of digestion Agar dilution |Average Avena curvature 

mg. mil. degrees 

40 Crystalline chymotrypsin 0.70 15+ 0.5 

40 ” trypsin 0.70 2.4 + 0.6 

40 | Tryptiec extract 0.70 7.5 + 0.6 

1.40 4.0+ 0.5 

10 | Boiling 12 hrs. with 5.0 ml. of 0.05 N 0.70 20.6 + 0.4 

| NaOH 1.40 16.4 + 1.1 

2.30 | 11.5+0.8 


O————O INDOLE ACETIC ACID 
@—- —-—. —-~@ ENZYME - AUXIN 


> ee — < ALKALI - AUXIN 




















Fic. 1. The distribution of auxin in four agar blocks, each 1.6 mm. thick, after 90 


minutes diffusion at 22°. The initial concentration of indoleacetic acid was 100 7 


per liter. The average Avena curvature is shown on the ordinate scale. 


EXPERIMENTAL 


The method used for the determination of auxin by the Avena technique 
has been described (9) and need not be detailed here. Six concentrations 
of indoleacetic acid, 10, 15, 20, 30, 40, and 50 y per liter of water, were made 
and assayed for each Avena experiment in order to obtain a concentration 
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curve for the conversion of experimental curvatures to units of indoleacetic 
acid. The standard deviation and standard error of the mean were 
calculated from the curvatures of eleven or twelve Avena plants, which was 
the minimum number of plants used for each determination. Individual 
curvatures which varied from the mean by more than 2.5 times the standard 
deviation were discarded when the average curvature was above 5°, and 
the means were recalculated; with smaller curvatures, 2.0 times the 
standard deviation was taken as a criterion for elimination. Curvatures 
listed in Tables I to V are in the proportionality range of dilution unless 
otherwise noted. All solutions after experimental treatment were ad- 
justed to pH 4.5 (glass electrode), transferred to a separatory funnel, and 
the auxin was removed by shaking with two 75 ml. portions of ether recently 
distilled over FeSO.-Ca(OH).. The ether was separated from the water 
and evaporated until only a few ml. remained. This was transferred to a 
small vial to which 1.5 per cent agar was then added and the material 
assayed for growth activity. An Eastman preparation of l-tryptophane 
was used in this study. 

Conversion of Tryptophane to Auxin under Varying Degrees of Alkalinity— 
From a freshly made solution containing 50 mg. of tryptophane per 100ml. 
of water, 2.5 ml. were pipetted into a digestion flask and 2.5 ml. of NaOH 
added, the latter being of such strength that the total volume of liquid 
resulting would have the normality represented in Table II. A condenser 
was placed in the neck of the flask and the assembly put into a boiling water 
bath for 7 hours (temperature of tryptophane-NaOH solution 97.5°). At 
the completion of the alkali treatment, the pH was adjusted and the auxin 
removed with ether. As controls, 2.5 ml. of the above solution of tryp- 
tophane were diluted with 15 ml. of redistilled water to compensate for the 
water added in transferring from flask to beaker, and treated in an identical 
manner except that no heat or alkali was used. Table II shows the 
amount of growth substance produced by various concentrations of alkali. 
No auxin was obtained with 0.5 n NaOH; with decreasing concentrations 
of alkali, greater amounts of auxin were produced up to a maximum with 
0.0005 N NaOH; thereafter, the auxin yield decreased, but auxin was 
produced even when the tryptophane was heated with redistilled water. 
Since controls gave no curvature, it is evident that the formation of growth 
substance from tryptophane can be attributed to the effect of alkali and 
heat. Another experiment under the same conditions showed the same 
trend. 

Effect of Temperature on Conversion of Tryptophane to Auxin by Strong 
Alkali—On the assumption that relatively strong concentrations of alkali 
caused a conversion of tryptophane to some product other than auxin, a 
range of temperatures for short time intervals was tried. Over a water 





Taste IT 
Conversion of Tryptophane to Auxin by Different Concentrations of Alkali 
All solutions of tryptophane except the controls were heated for 7 hours in a boiling 
water bath (see the text). 


Indoleacetic 
Concentration of NaOH Agar dilution Average Avena curvature acid 
equivalents 
N mil. degrees y X 1078 
0.0000 (Control; not heated) 0.80 0 0 
0.0000 " = a 0.80 0 0 
0.0000 (Heated) 0.80 5.1 + 0.7 12.4 
1.60 1.0+ 0.3 14.7 
0.00025 1.60 7.8 + 0.6 31.2 
3.20 2.34 0.9 36.0 
0.0005 3.00 7.7241.2 49.5 
0.0025 3.00 2.9 + 0.6 32.4 
0.005 2.00 3.9+ 0.7 23.6 
0.025 0.80 10.7 + 1.4 20.3 
. 1.60 3.1 + 0.6 17.6 
0.05 0.80 13.7 + 0.9 26.3 
1.60 5.3 + 0.9 20.8 
0.25 0.35 7.1+ 0.6 5.3 


0.5 0.35 0 0 


TABLE III 


Amount of Tryptophane Converted to Auxin at Different Temperatures in Presence 
of Alkali 


Tryptophane (1.25 mg.) in contact with 0.25 n NaOH for 15 minutes. 


Indoleacetic 








. 
Temperature Agar dilution a? | . | Average 
TC. mil. degrees , * x 10-3 =| 
22 (Control; no alkali) 0.80 0 0 | 0 
22 | 0.80 | 186416 | 35.2 | 
1.60 10.0+0.6 | 37.4 35.0 
3.20 4520.5 | 32.6 
40 0.80 6.5409 | 31.2 | 
1.60 12.240.5 | 45.6 38.9 
3.20 5.5 + 0.4 40.0 
60 0.80 13.8 + 0.9 26.2 
1.60 94+0.9 | 35.2 30.1 
3.20 3.9 + 0.6 28.8 
80 1.60 26.1 + 1.8* 97.1 97.1 
97.5 0.80 18.6 + 1.0 35.2 
1.60 10.8 + 0.6 40.8 38.0 
101.0 0.80 0 0 0 


* This curvature may be slightly outside of the dilution range. Since further 
dilutions could only raise the weight of auxin, the value of 97 X 10-*y can be taken as 
a conservative figure to indicate the trend of temperature effect. 
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bath, 1.25 mg. of tryptophane were allowed to stand in contact with 0.25 N 
NaOH for 15 minutes at different temperatures. The pH of the solution 
was then adjusted as before, and the auxin produced was immediately 
removed with ether. Table III shows the amount of auxin obtained at 
each temperature. It will be noticed that even with a short time exposure 
to 0.25 n NaOH at room temperature a relatively large amount of growth 
substance is produced, but a control not in contact with alkali gave no 


TasLe IV 

Comparison of Amount of Auxin Released from Casein and Gelatin by Hydrolysis with 
Enzymes and Alkali 

The treatments with alkali were carried out for 12 hours at 100° or at 97.5°, while 

those with enzymes were for 72 hours at 37°. 








Indoleacetic 











Protein Type of digestion Agar dilution Curvature aci 
| | equivalents 
| | ml. degrees + X 1078 
Casein | 0.05N NaOH 1.50 10.6 + 0.6 27.7 
3.00 4.524 0.3 36.0 
a * 1.60 7.2+ 1.0 28.5 
3.20 2.9+ 0.7 28.8 
as * 3.20 14.9+ 0.9 141 
6. 8.8 + 0.7 143 
Gelatin 0.05“ * 0.35 12.2+ 0.8 7.0 
a". * 0.35 7.84 0.9 4.3 
oar * 0.35 8.3+0.9 7.2 
ac), * | 0.80 5.6 + 0.9 11.7 
Casein Control 0.35 18.4 + 1.0 15.2 
Trypsin | 0.80 8.7+41.2 16.0 
Chymotrypsin 0.80 13.3 + 1.3 25.2 
Tryptic extract 0.30 | HNO+0.8 20.4 
Gelatin Control 0.35 4.7+0.5 3.7 
Trypsin | 0.80 | 0 0 
Chymotrypsin | 0.80 0 0 
Tryptic extract | 0.80 3.0 + 0.7 5.2 








curvature. No appreciable difference in auxin yield was obtained at 22°, 
40°, 60°, and 97.5°. However, there was a marked increase in the amount 
of auxin at 80°. No curvature was obtained from material heated over an 
open flame at 101°. The same increase was noted at 80° upon repetition. 

Protein Digestion and Production of Auxin. By Alkali—Since it was 
postulated that the tryptophane of proteins was a potential source of auxin 
because of its conversion by alkali to a substance similar to indoleacetic 
acid, two additional proteins were tested for growth hormone after being 
digested with NaOH. Casein and gelatin were selected, as the former 
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contains 1.5 per cent tryptophane and the latter contains none (2). Both 
proteins were extracted with redistilled ether which had been dried over 
sodium. The extract from 3 gm. of Eastman ‘“‘deashed”’ gelatin obtained 
by prolonged extraction in a Soxhlet apparatus gave a very slight amount 
of curvature; extraction was continued until no more growth substance 


TaBLe V 
Conversion of Tryptophane to Auzin by Various Treatments 


Curvatures without standard error of the mean indicate concentrations of auxin 
too high for quantitative estimation. 








Treatment Agar dilution Average Avena curvature 
mi. degrees 
2.50 ml. tryptophane solution (1.25 mg.) diluted with 0.80 0 
about 25 ml. water; pH adjusted to 4.6 and solution 1.60 0 


extracted with ether 


0.5 ml. tryptophane solution (0.63 mg.) dissolved in 1.00 2.1 + 0.6 
0.5 ml. melted 3% agar 


2.5 mg. tryptophane dissolved in 0.80 ml. melted 0.80 18.7 
1.5% agar; heated to 90° and stirred to insure uni- 1.60 19.0 
form solution 3.20 22.5 + 1.2 
6.40 17.0 + 1.6 
2.5 mg. tryptophane dissolved in 0.35 ml. cold water 0.80 20.2 
and 0.35 ml. melted 3% agar added; heated to 65° 1.60 21.6 
for 1 min. and stirred 3.20 20.5 
| 6.40 13.7 + 0.8 
1.25 mg. tryptophane dissolved in cold KH,PO, | 0.80 15.8 
buffer at pH 4.6 and about 25 ml. buffer added; | 1.60 18.3 
solution immediately extracted with ether 3.20 19.3 
6.40 19.8 
2.5 mg. tryptophane dissolved in 10 ml. water; pH 0.35 20.3 + 1.2 
adjusted to 10.5 and solution allowed to stand 48 0.75 13.9 + 0.9 
hrs. at 37° with toluene as an antiseptic; pH ad- 1.50 98+ 1.1 


justed to 4.5 and solution extracted with ether 





could be detected. 13 gm. of “vitamin-free’’ casein, on the other hand, 
were entirely free from ether-extractable growth hormone. 10 mg. of 
protein were weighed directly into a digestion flask and 5.0 ml. of either 
0.5 N or 0.05 N NaOH were added. The protein was digested for 12 hours 
at 100° or in a water bath at 97.5°. At the end of the treatment, the pH of 
the solution was adjusted and the hormone removed with ether. In Table 
IV are given the results of the alkaline digestions. With gelatin, no 
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significant increase is apparent when digestion with 0.05 n NaOH is com- 
pared to digestion with 0.5 N NaOH. The yield in each instance was 
relatively small. Casein, however, not only gave much larger amounts 
of auxin, but there was a marked increase in the yield of auxin obtained 
with the more concentrated alkali. 

By Enzymes—The method used for digestion by enzymes has been 
described (10). The same difference that was noted with alkali is evident 
between the two proteins when digested with enzymes. Gelatin yielded 
little, if any, auxin, depending upon the enzyme employed, while from 
casein was obtained a much larger quantity of growth substance. More- 
over, the controls to which no enzyme was added show a similar variance 
between the two proteins. Whether or not the enzymes functioned in the 
liberation of auxin from these proteins is debatable considering the amount 
of hormone obtained from the controls. Of significance, however, is the 
large amount of auxin released from casein by strong alkali as compared 
to the amount released from casein by enzyme digestion; this pronounced 
difference is not apparent with gelatin. 

Tryptophane Instability under Other Conditions—Table V illustrates the 
lability of tryptophane under relatively mild conditions of heat, pH, ete. 
The values for curvatures expressed in Table V are presented to describe 
certain characteristics of tryptophane rather than to provide finite values. 
Those curvatures not within the proportionality dilution range are listed 
to emphasize the relatively large amounts of auxin formed under these 
conditions. All of the treatments shown in Table V have been repeated 
and found to give essentially the same results. The table is self-explana- 
tory and shows that the amino acid is unstable at 37° at pH 10.5, in the 
presence of hot agar, and in contact with cold KH,PO, buffer at pH 4.6, 
as evidenced by the large curvatures obtained. 


DISCUSSION 

Auxin is produced from tryptophane with 0.0005 N NaOH and not with 
0.5 N NaOH after 7 hours contact with the alkali at near boiling tempera- 
tures. It seems reasonable to assume that tryptophane is degraded by 
alkali to indoleacetiec acid, since a number of compounds containing the 
indole ring theoretically capable of arising from tryptophane, e.g. indole- 
propionic acid, tryptamine, indolecarboxylic acid, indole, skatole, ete. 
(3, 9), have been tested and found to be nearly devoid of growth activity 
as measured by the Avena test. Obviously, the activities demonstrated 
in this work are of the same order of magnitude as that of indoleacetic acid. 
Hence the formation of auxin from tryptophane by weak alkali can perhaps 
be explained on the basis of indoleacetic acid formation. However, the 
failure of strong alkali to form auxin is not easily explained. We have 
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considered the possibility that strong alkali converts tryptophane to a 
product incapable of giving a growth response. The experiments in which 
it was shown that auxin was formed from tryptophane which was in contact 
with strong alkali for only 15 minutes at low temperatures appear to make 
this hypothesis tenable. But a better proof of this explanation would lie 
in the degradation of the intermediate products of the reaction; 7.e., 
conversion of inactive indolepropionic acid to active indoleacetic acid, and 
converting indoleacetic acid to inactive indolecarboxylic acid, indole, or 
skatole, ete., by strong base. This we have been unable to accomplish 
with either of the two compounds by boiling with 0.5 nN NaOH for 6 hours. 
Indoleacetic acid is certainly stable under such conditions; although 
indolepropionic acid may be changed, it still fails to give a growth response. 
We have also considered that the amino group may contribute to the 
instability of the tryptophane molecule. With glycine as a potential 
source of amino nitrogen, equal molecular quantities of indoleacetic acid 
and glycine boiled with alkali failed to cause a loss of activity of the 
indoleacetie acid. Similarly, indolepropionic acid was not converted to a 
growth-active substance in the presence of glycine and alkali. 

The problem would be simplified were it possible to adopt standard 
colorimetric procedures for the identification of tryptophane. Unfortun- 
ately, the reactions employed appear to be characteristic for the indole 
ring rather than specific for a particular compound (5), and even though a 
test for tryptophane after strong alkali treatment might indicate the pres- 
ence of a compound containing the indole ring, one could still not be sure 
which one of the indole compounds was present. That an indole compound 
does remain after proteins are boiled with strong alkali is, after all, the basis 
of standard biochemical procedures for the determination of tryptophane. 

Aside from the very interesting fact that animal proteins, after digestion, 
vield substances which stimulate growth when tested by oat plants, the 
much larger amount of hormone produced from casein by strong alkali 
compared to weak alkali and enzymatic hydrolysis is strikingly different 
from the amounts obtained in a similar manner from gelatin. The amino 
acids contained in casein which are theoretically absent from gelatin are 
valine, hydroxyglutamic acid, and tryptophane (2). In view of our 
previous findings on the tendency of tryptophane to be converted to 
auxin, it seems probable that the tryptophane contained in casein is the 
responsible factor. The larger quantity of auxin evolved from casein by 
heating with 0.5 N NaOH, when compared to yields by enzymes and 0.05 N 
NaOH and to the relatively constant amounts obtained from gelatin 
(irrespective of the mode of hydrolysis), may be interpreted as follows: 
the strong base hydrolyzes the protein molecule more than weak alkali; 
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the tryptophane so released is then acted upon by the alkali and decom- 
posed to an auxin, presumably indoleacetic acid. Additional evidence in 
support of this explanation has been found by using zein, a protein which 
also lacks tryptophane. In preliminary experiments, almost identical 
amounts of auxin were obtained when this protein was boiled for 12 hours 
with 0.5 and 0.05 Nn NaOH. A study is now in progress at this laboratory 
which is designed to test the growth activity of those amino acids contained 
in gelatin, casein, and zein. 

The data in Table V show that tryptophane is unstable under a variety 
of conditions, and still other conditions should be tried. Recently, a num- 
ber of methods for the extraction of auxin from plant tissues have been 
suggested which incorporate the use of alkali (1, 6). It will be necessary 
to reconsider such results from the standpoint of tryptophane lability and 
rapid conversion to a plant growth substance. With one method of 
extraction (6); only 0.6 mg. of free tryptophane would have to be present 
in a kilo of wheat seeds to account for the increase in auxin reported. This 
has been calculated on the basis that 2.5 mg. of tryptophane under identical 
conditions of alkalinity yield 30.3 y of growth substance (Table V). Simi- 
larly, in another method boiling or autoclaving corn endosperm tissue with 
buffer solution at pH 9.0 to 10.0 is recommended. It is not improbable 
that tryptophane does occur as such in plants (8), and until it ean be defi- 
nitely shown that there is no conversion of this substance to auxin under 
the influence of alkali treatment, reported increases in auxin liberation 
must be viewed with misgiving. Cognizance should also be taken of the 
instability of tryptophane if nutrient solutions are to be made with (or 
with a source of) the amino acid and autoclaved with or without agar. 
The possibility exists that auxin produced from the amino acid may influ- 
ence the specific reaction or phenomenon under investigation. 

We realize that the information in this paper is not complete. Unfor- 
tunately, it has been necessary to terminate the problem at this stage. 
We are therefore presenting the data with the hope that they may be 
applied to the methods of plant hormone extraction and to the biological 
use of tryptophane. 


We wish to express our appreciation to Dr. F. G. Gustafson and Professor 
H. H. Bartlett, Department of Botany, University of Michigan, for their 
criticism and interest in this work. We are indebted to Dr. H. B. Lewis, 
Head of the Department of Physiological Chemistry, University of Michi- 
gan, for his advice and for supplying the proteins used in this study. This 
work was performed while the authors held F. C. and Susan Eastman New- 
combe Fellowships in plant physiology. 
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SUMMARY 


1. Tryptophane heated for 7 hours with NaOH varying in concentration 
from 0.25 to 0.00025 Nn yields readily detected quantities of a plant growth 
hormone (auxin). Heating for 7 hours in distilled water also converts 
tryptophane to auxin. 

2. When tryptophane is allowed to stand in contact with 0.25 n NaOH 
for 15 minutes at room temperature, a large amount of auxin is formed; 
with increasing temperatures, still more auxin is formed, with maximal 
conversion at about 80°. At higher temperatures, auxin formation rapidly 
decreases. 

3. Gelatin, a protein lacking tryptophane, produced about equal amounts 
of auxin whether hydrolyzed with 0.5 or 0.05 Nn NaOH. Casein, a protein 
containing tryptophane, produced much larger amounts of auxin when 
hydrolyzed with 0.5 nN NaOH than with 0.05 n NaOH. It is suggested 
that the tryptophane contained in proteins is a potential source of auxin 
when such proteins are digested with alkali. 

4. Tryptophane is also rapidly converted to auxin under comparatively 
mild conditions of heat, pH, ete. Since recent methods for the extraction 
of auxin from plant tissues incorporate the use of alkaline conditions, it is 
suggested that these methods be reviewed in the light of the present 
observations on auxin formation from tryptophane under similar conditions, 
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THE DETERMINATION OF ASCORBIC ACID IN WHOLE 
BLOOD AND URINE THROUGH THE 2,4-DINITRO- 
PHENYLHYDRAZINE DERIVATIVE OF 
DEHYDROASCORBIC ACID* 


By JOSEPH H. ROE ann CARL A. KUETHER 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, November 28, 1942) 


In a previous paper (1) we have reported a new color reaction useful in 
the determination of vitamin C. When the 2,4-dinitrophenylhydrazine 
derivative of dehydroascorbic acid is treated with 85 per cent sulfuric acid, a 
reddish colored product is formed which absorbs maximally at 500 to 
550 and 350 to 380 mu. The proportionality of the color obtained in this 
reaction is in excellent agreement with Beer’s law in the ranges used 
(Fig. 1). In the procedure reported the dehydroascorbic acid osazone 
crystals are separated by centrifugation and washed before treatment for 
color production. These are time-consuming steps and they do not permit 
the development of a microprocedure. We have, therefore, used this new 
reaction to develop a direct method for the determination of vitamin C 
without removal of the reagent, 2,4-dinitrophenylhydrazine. In this 
paper we are reporting the application of this direct procedure to the 
determination of vitamin C in blood and urine. 

In subvitaminosis C the ascorbic acid disappears more rapidly from the 
plasma than from the red cells, white cells, or platelets (2). Hence the 
vitamin C content of blood is of greatest interest when the determination is 
made upon whole blood. Almost all blood vitamin C determinations 
reported thus far have been upon plasma, for the reason that the oxidation- 
reduction methods in use are not applicable to whole blood analysis unless 
the oxyhemoglobin, which is an oxidant of ascorbic acid in deproteinizing 
procedures, is rendered inert by saturation with CO, as in the method of 
Butler and Cushman (3), or by reduction, as in the procedure developed 
by Kuether and Roe (4). The latter procedures are somewhat difficult 
for experimental work and are not adaptable to clinical use. Hence there 
is an outstanding need for a simple method for determining ascorbic acid in 
whole blood. 


* Aided by a grant from the Committee on Scientific Research, American Med- 
ical Association. 

We are indebted to Merck and Company, Inc., for contributions of ascorbic 
acid. 
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In our procedure a trichloroacetic acid filtrate of blood or urine is shaken 
with norit and filtered. The norit clarifies the solution and oxidizes the 
ascorbic acid to dehydroascorbie acid. Ascorbic acid is not oxidized 
quantitatively by norit unless the solution contains a reagent like acetic or 
trichloroacetic acid. Apparently the acetic acid is preferentially adsorbed 
on the norit and active oxygen is eluted in quantities sufficient for rapid 
oxidation. Norit filtrate is treated with 2,4-dinitrophenylhydrazine and 
thiourea for 3 hours at 37°. Thiourea is essential to produce a mildly 
reducing medium, as oxidants have been found to produce a slight colora- 
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Fig. 1. Calibration curve made with the Evelyn photoelectric colorimeter with 
Filter 540. Solid line, curve obtained according to the procedure described in this 
paper (3 hours incubation at 37°); broken line, curve obtained when crystals are 
isolated after 21 hours at room temperature and then dissolved in 85 per cent H,SO, 


tion of the 2,4-dinitrophenylhydrazine solution at 37°. Color is produced 
by adding 85 per cent sulfuric acid. This method appears to be com- 
pletely specific. It has exceptionally good precision and will permit 
determination of amounts down to 0.2 y in 4 ec. of filtrate. 

Reagents— 

2,4-Dinitrophenylhydrazine reagent. Dissolve 2 gm. of 2,4-dinitro- 
phenylhydrazine in 100 cc. of approximately 9 N H,SO, (3 parts of H,0 
to 1 part of concentrated H,SO,) and filter. 

Acid-washed norit. Place 200 gm. of norit in a large flask and add 1 liter 
of 10 per cent HCl. Heat to boiling. Filter with suction. Remove the 
cake of norit to a large beaker, add 1 liter of distilled water, stir up thor- 
oughly, and filter. Repeat this procedure, until the washings give a 
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negative or very faint test for ferric ions. Dry overnight in an oven at 
110-120°. Do not heat to high temperatures. We recommend washing 
the norit for complete protection against interference. Some grades of 
activated carbon may not require washing. To determine whether wash- 
ing is necessary, a blank test may be run upon trichloroacetic acid wash- 
ings of the carbon to be used; if the latter give no more color by this 
procedure than is obtained with trichloroacetic acid not passed through the 
carbon, then washing the carbon need not be carried out. 

Trichloroacetic acid. Prepare a 6 per cent solution for blood work and a 
4 per cent solution for urine analysis. 

85 per cent sulfuric acid. To 100 cc. of distilled water add 900 cc. of 
concentrated H.SO,, sp. gr. 1.84. 

Thiourea solution. Dissolve 10 gm. of thiourea in 100 ce. of 50 per cent 
(by volume) aqueous ethyl alcohol. We have found that this reagent keeps 
satisfactorily at least 2 months. It should be checked occasionally. It 
must readily reduce HgCl. or KMnQ,. 


General Procedure 


Preparation of Blood Filtrate—In a 50 ce. centrifuge tube place 15 ce. 
of 6 per cent trichloroacetic acid. Add 5 ce. of whole blood (or plasma), 
drop by drop, and with a glass rod stir until a fine suspension is produced. 
Let stand at least 5 minutes, then centrifuge. To the supernatant fluid, 
add 3} teaspoonful (0.75 gm.) of acid-washed norit and vigorously shake or 
stir the latter through the liquid. Filter through a folded filter paper of 
about 9 em. size. 

Preparation of Urine Filtrate—To 1 volume of urine add 19 volumes of 
4 per cent trichloroacetic acid. This dilution will serve for a range of 
1 to 300 mg. of ascorbic acid per liter of urine. With urines high in vitamin 
C greater dilutions may be made, but dilutions of less than 1:20 should 
not be used. For each 40 ec. of diluted urine add 1 teaspoonful (1.5 gm.) 
of acid-washed norit. Shake vigorously and filter. 

Procedure for Norit Filtrate of Blood or Urine—Place 4 cc. of norit filtrate 
of blood or urine in each of two matched photoelectric colorimeter tubes. 
Add to each tube 1 drop of the 10 per cent thiourea solution. Hold one 
tube in reserve for a blank and add to the other tube 1 cc. of the 2,4- 
dinitrophenylhydrazine reagent. Place the latter tube in a water bath at 
37°. The bath must be well equipped by thermostat to maintain a 
constant temperature. Keep the tube immersed in the bath for exactly 
3 hours. Remove and place in a beaker of ice water containing generous 
quantities of ice. Place the blank tube in the ice water also. To each of 
these tubes, while in the ice water bath, add very slowly 5 cc. of 85 per cent 
H,SO,. The sulfuric acid is added from a burette, a drop at a time, a step 
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Calculation Chart for Use with Evelyn Photoelectric Colorimeter by Technique 
Outlined. Mg. of Ascorbic Acid against Galvanometer Reading 
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about a charring of sugars, or other organic matter, and thus a positive 
error will be introduced. Finally to the blank tube add 1 ce. of the 2,4- 
dinitrophenylhydrazine reagent. Both tubes are shaken thoroughly under 
the ice water to obtain complete mixing and are then removed to a rack. 
After 30 minutes wipe the tubes dry and clean and read in a photoelectric 
colorimeter. The correct filter is one transmitting maximally at 540 mu. 
To make the reading, place the blank tube in the colorimeter and set the 
galvanometer at 100 if the Evelyn type of colorimeter is used, or at zero if 
a null point instrument (Klett-Summerson) is employed; then take the 
reading of the unknown. If an Evelyn colorimeter with a 540 my filter 
has been used, Table I may be employed for calculation. As 4 ec. of filtrate 
were taken, the calculation will be as follows: 


For Blood, 1:4 Dilution—(Mg. from Table I) X 100 = mg. per 100 ce. of blood. 
For Urine, 1:20 Dilution—(Mg. from Table I) X 5000 = mg. per liter of urine. 


If a null point colorimeter is used, appropriate standards must be run 
along with the unknown tubes, or a calibration curve and chart must be 
constructed. To do this make up standard solutions of ascorbic acid 
varying from 0.25 to 15 y per ec. in 4 per cent trichloroacetic acid. Treat 
with norit, filter, and make the determinations exactly in the same way as 
described above. 

The above outlines this procedure in its simplest form. One may run 
duplicates as desired. Actually the precision is so good that a single 
determination may be relied upon except for precise or critical investiga- 
tions. If an Evelyn colorimeter is used, a constant center setting for the 
blank tube is established with a little experience, and after that the blank 
need not be run, except occasionally, or when new reagents are prepared. 
Twelve to thirty tubes are conveniently run simultaneously; hence one 
may analyze a large number of bloods or urines at the same time. 

This determination necessitates a photoelectric colorimeter in order that 
a compensatory adjustment for the vellow color in the reagent blank may 
be made. 

DISCUSSION 

Specificity—We have established the specificity of this method by several 
types of experiments. 

First, we analyzed the blood and urine of guinea pigs with acute scurvy. 
We obtained whole blood values ranging from 0.04 to 0.13 mg. per 100 ee. 
and urine values of 1.0 to 3.0 mg. per liter. One urine sample collected 
post mortem from the bladder of a guinea pig that died with scurvy gave 
a completely negative value for ascorbic acid. Inasmuch as one may not 
expect complete disappearance of vitamin C from the red cells, white cells, 
and platelets of the blood, or from the urine of guinea pigs at the onset of 
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acute symptoms of scurvy, these findings are interpreted as good evidence 
for the specificity of this method. 

A second type of evidence is obtained by an analysis of interfering sub- 
stances. In this method interference would be expected from aldehydes or 
ketones, which couple with 2 ,4-dinitrophenylhydrazine. Such compounds 
as pyruvic acid and acetoacetic acid readily couple with 2,4-dinitro- 
phenylhydrazine but their derivatives do not react with sulfuric acid under 
the conditions of this reaction and sulfuric acid solutions of these deriva- 
tives do not absorb in the 540 muy region in which the color obtained with 
the ascorbic acid derivative is read. 
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Fig. 2. Transmittance curves of derivatives of 2,4-dinitrophenylhydrazine 
obtained with the Coleman photoelectric spectrophotometer. Curve 1 represents 
the dehydroascorbic acid derivative; Curve 2, the transmission curve of Filter 540 
(Evelyn); Curve 3, the blank with reagents; Curve 4, the glucose derivative; Curve 
5, the fructose derivative; Curve 6, the xylose derivative. 


The absorption spectra of sulfuric acid solutions of the derivatives formed 
with pentoses, hexoses, and glucuronic acid show that the latter might 
interfere slightly in this method (Fig. 2). However, the concentrations 
at which these substances vield interference are very considerably greater 
than those found in blood and urine filtrates. As shown in Table IT, glu- 
cose begins to interfere when there are present 1.5 mg. perce. This means 
that in blood filtrates of a 1:4 dilution interference will not occur until 
a blood containing 600 mg. per 100 ce. is encountered; and even in diabetic 
bloods with glucose concentrations ranging from 600 to 1200 mg. per 100 
cc. the amounts of additive error would be only 0.008 to 0.03 mg. per 100 
cc. In urine the substance most likely to interfere is glucuronic acid. 
This substance exists in the urine principally in the conjugated form but 
one must consider that hydrolysis may occur in a solution as strongly acid 
as that used in the coupling process of this method. As shown by Table II, 
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free glucuronic acid begins to interfere when there is present 0.125 mg. 
per cc., or 125 mg. per liter. Since the urine is diluted 20 times, or more, 
in this method, one may not expect interference until a urine containing 
2500 mg. of free glucuronic acid per liter is encountered. The latter con- 
centration of glucuronic acid in urine would be observed only rarely, if at 
all. In blood the total glucuronic acid concentration has been reported to 
be 10 to 25 mg. per cent (5). Table II shows that interference may not be 
expected in blood until a concentration of 50 mg. per cent is reached, and 
analysis of bloods with this content of glucuronic acid would show a plus 
error of only 0.04 mg. per 100 ce. It thus appears that interference from 
glucuronic acid in blood and urine analysis may be expected to be neg- 
ligible. 


TABLE II 


Data Showing Amount of Plus Error That May Occur in Analysis of Solutions 
Containing Glucose, Xylose, Fructose, or Glucuronic Acid 


The results are given in mg. per cc. 





Equivalent as ascorbic acid 











Quantity 
analyzed ; " \ . 
Glucose Xylose Fructose | Glucuronic acid 

0.125 | 0.00010 
0.25 0.00022 
0.50 0.00002 0.00039 
1.00 0.00002 0.00006 0.00092 
1.50 0.00002 0.00005 0.00012 
2.25 0.00005 0.00010 0.00014 
3 


3.00 0.00008 0.00020 0.00017 


Of outstanding importance is the fact that one may easily determine 
whether or not interference from substances that couple with 2 ,4-dini- 
trophenylhydrazine exists in this method. This may be done by the simple 
expedient of determining the amount of ascorbic acid in norit filtrates of 
varying dilutions. As shown in Table II, when glucuronic acid, fructose, 
xylose, or glucose is present in amounts sufficient to couple, ascorbic 
acid vields more color than these substances by amounts averaging approxi- 
mately as follows: glucuronic acid 1200 times, fructose 17,000 times, 
xvlose 29,000 times, glucose 52,000 times. From these data it is obvious 
that one may dilute a filtrate until no reaction is obtained with these 
possible interfering substances and still get a satisfactory reaction with 
ascorbie acid. In a practical test one would expect that dilution of a 
filtrate would give values lower in proportion to the dilution made, if in- 
terference is present; and if one gets the same values upon dilution, one 
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would assume that interference is not present. When filtrates of the 
same blood are made by diluting 1:4, 1:8, and 1:16, or filtrates of the same 
urine are prepared by diluting 1:20, 1:40, and 1:80, and these varying 
dilutions are analyzed by our method, the same value is obtained in the 
three dilutions of the blood or the urine, within limits of satisfactory pre- 
cision. ‘Thus, this method not only appears to be completely specific by 
theoretical considerations but it is also capable of being simply and rapidly 
tested for interfering substances in any blood or urine. 

As this is a very sensitive reaction, one must guard against substances 
that react with the reagents. We have found that oxidizing agents such as 
Fe**~ ions and H,O, will produce an interfering color with 2 ,4-dinitro- 
phenylhydrazine. On the other hand, reducing agents such as thiourea, 
Fe**, or Sn** ions do not interfere. In order to protect against interfer- 
ence by oxidizing agents we introduce a small amount of thiourea into the 
reaction mixture. This produces a mildly reducing medium which does 
not slow down the coupling appreciably and is a complete protection 
against the slight interference from oxidants that might occur. The norit 
is washed with acid to remove traces of metals in the elementary form, 
also to diminish the concentration of Fe ions. 

Accuracy and Precision—We have added ascorbic acid to blood and 
urine and obtained recoveries by this method ranging from 96 to 104 per 
cent. The precision of this method is excellent. In an experiment in 
which ten analyses of the same blood filtrate were carried out, the mean 
value was 0.71 mg. per 100 cc., the standard deviation was +0.01,the prob- 
able error of a single determination was +0.007, and the maximum devia- 
tion was 0.04 mg. per 100 ce. 

Mechanism of Reaction—The red product formed in this procedure ap- 
pears to be a new compound for the following reasons. Solutions of the 
2 ,4-dinitrophenylhydrazine derivative of dehydroascorbic acid in alcohol, 
glacial acetic acid, and dilute sulfuric acid are brown in color. When the 
concentration of sulfuric acid is raised to 60 to 85 per cent, a deep red 
color is formed. Addition of excess water causes the separation of a 
brownish compound which has the same appearance and absorption 
spectrum as the original derivative and yields a red solution when mixed 
again with 85 per cent sulfuric acid. The reaction is therefore reversible 
and it is suggested that the mechanism is a dehydration. 

Stability of Color—This color is quite stable. Prepared from blood fil- 
trate, it showed no change in 40 minutes and a maximum fading of 2.25 
points in the galvanometer reading in 18 hours on standing in an open tube. 


SUMMARY 


1. A new method for the determination of ascorbic acid in whole blood 
or plasma and in urine has been developed. In this method dehydro- 
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ascorbic acid is coupled with 2,4-dinitrophenylhydrazine and the resulting 
derivative is treated with H,SO, to produce a newly observed color which 
is measured in a photoelectric colorimeter. 
2. This method is rapid and it possesses a high degree of specificity and 
precision. 
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I. THE EXCRETION OF ADMINISTERED ZINC IN URINE AND FECES 
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Although investigations of the distribution of administered zinc in the 
body have been carried out (1-3), they have required the introduction 
into the animal of relatively large amounts of the salt of this metal. While 
these studies are significant in respect to the amounts administered, the 
extent to which they depict the metabolism of zinc in the normal physio- 
logical state is difficult to determine. 

In the present investigation the excretion of zinc was studied in the dog 
and mouse by means of its radioactive isotope. The use of radiozine per- 
mitted the intravenous administration of minute amounts of the salt of 
the metal. Since the total zine content of the body was not increased 
appreciably by the introduction of the labeled zinc, the excretion of Zn® 
may be regarded as representing the endogenous picture of zinc excretion. 


EXPERIMENTAL 


Radiozine (Zn®) was removed from the surface of the copper deflector 
plate of the 60 inch cyclotron. It was produced during the course of 
numerous bombardments with both protons and deuterons. The reactions 
involved are shown in the following equations. According to Livingood 
and Seaborg (4), Zn® is produced by the reaction shown in Equation 1 
plus either one of those shown in Equations 2 and 3. 


(1) 2Cu® + ,H!' ——> oZn® + on! 
(2) oCu® + 1D? caer 30Zn® + 2 n! 
(3) »Cu® + ,D*? ——> goZn® + ¥ 


The copper deflector plate was washed with cotton moistened with con- 
centrated nitric acid. The cotton was then treated with HCl and the 
solution obtained evaporated to dryness. To insure complete removal 
of nitric acid, HC] was added to the dried material and the mixture again 
brought to dryness. 0.5 N HC] was added and the solution saturated with 
H.S. The acid-insoluble sulfides were filtered out. When large concen- 
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trations of copper were present, it was found necessary to repeat the HS 
treatment several times to effect the complete removal of the copper. The 
filtrate was evaporated to dryness and thus freed of H.S. The residue so 
obtained was dissolved in a small quantity of 0.5 N HCI and the solution 
transferred to a separatory funnel. 0.5 ml. of 20 per cent citric acid was 
added and the solution made slightly alkaline with concentrated NH,OH. 
The zine was then removed by extraction with a chloroform solution of 
dithizone. The chloroform phase was washed with dilute ammonia water 
to remove excess dithizone. The zine was extracted from the chloroform 
layer with 0.1 N HCl. 

Since the most likely contaminants of zinc obtained by this method of 
extraction are cobalt, nickel, lead, and cadmium, tests were made at this 
point to determine their presence in the 0.1 N HCl solution. A few mg. 
of ZnCl, were added as carrier to each of a series of small aliquots of the 
0.1 N HCl solution. A small quantity of either CoCl, or NiCl, or Pb(NQs3). 
or CdCl, was then added to each aliquot and these metals separated from 
the zinc. The cadmium and lead were precipitated as sulfides and the 
cobalt and nickel as hydroxides. Each precipitate was redissolved and 
reprecipitated to reduce adsorption or occlusion of zinc; the precipitates 
were then tested for radioactivity. In no case was radioactivity found 
in the precipitates of cadmium, cobalt, nickel, or lead. Since radioactive 
cadmium, lead, cobalt, or nickel would have been precipitated with their 
respective non-radioactive isotopes, it was concluded that the solutions of 
radioactive zinc were free of the radioactive isotopes of cadmium, nickel, 
cobalt, and lead. 

The 0.1 N HCl solution was then taken to dryness and the ZnCl, dis- 
solved in water. The zine content of this solution was determined colori- 
metrically by shaking it with an ammoniacal chloroform solution of dithi- 
zone and comparing the color so produced with standard solutions prepared 
in the same manner. The ammoniacal chloroform solution of dithizone 
containing zinc as an organic complex was then subjected to (1) evapora- 
tion, to get rid of the chloroform and ammonia, and (2) ashing at 450°, 
to get rid of organic material. The Zn was finally obtained as a solution 
of its chloride. 

Injection and Care of Animals. Dogs—Adult dogs weighing from 3.5 
to 5.2 kilos were injected intravenously with the solution of radioactive 
ZnCl. The animals were placed in individual metabolism cages where the 
feces were caught on a wire screen and the urine collected in a glass bottle. 
Specimens of urine and feces were removed at intervals. 

Mice—The large ventral tail veins of 3 month-old mice weighing 18 to 
23 gm. were dilated by placing the tails in a beaker of warm water for 1 
to 2 minutes. The ZnCl, solution was diluted with a large volume of 
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normal saline; 0.10 ce. was the total volume injected into the dilated tail 
vein of each mouse. The mice were then placed in glass beakers which 
served as metabolism cages. Filter paper folded in the shape of a cone 
was placed on the bottom of the beaker and covered with } inch mesh 
screen. The urine was absorbed by the paper, where it soon dried. The 
feces rolled off toward the sides of the beaker. The feces were carefully 
removed from the beaker. The beaker was then washed and the washings 
transferred to a casserole containing the filter paper, where it was evapo- 
rated to dryness. 

Analysis of Excreta. Mice—The fecal material was carefully removed 
from the filter paper containing the dried urine by means of fine forceps 
and a camel’s hair brush. The feces and the filter paper containing the 
dried urine were ashed separately at 450° in an electric furnace. The ash 
was transferred to squares of blotter paper, which were then wrapped in 
cellophane, and its radioactivity determined by a Geiger-Miiller counter. 
Zn®, in its decay, emits both positrons and y-rays, as shown by the follow- 
ing reactions (4). 

(4) 30Zn® ——> »Cu® + 4,e° 


(5) sZn®™ + _,e° ——> o»Cu® 


Emission of positrons, as shown in Equation 4, is of secondary importance 
to the electron capture shown in Equation 5. The positrons emitted have 
relatively low radiation energies (5). In the case of such low energy values, 
self-absorption might be expected to complicate the measurement of the 
activity of samples vielding different ash weights. Under the conditions 
employed here, however, it was found that varying amounts of ash contain- 
ing the same quantity of radioactive zine yielded approximately the same 
number of counts per minute on the Geiger-Miiller counter. This was 
taken to mean that the materials used in wrapping the samples together 
with the counter tube were of such thickness as to absorb effectively the 
soft particle radiation (positrons). Thus in the measurements of Zn® 
only the hard penetrating y-rays were counted and no correction was 
necessary for self-absorption of particles within the sample. Counts thus 
obtained were compared with those of blanks made from the stock solution 
of Zn®. The radioactivity found in each sample of urine and feces is 
expressed as a percentage of the administered dose. 

Dogs—Owing to the larger quantities involved, the analyses of dog ex- 
creta presented a somewhat different problem from those of the mice. 
The samples of urine and feces were dried and ashed in the electric muffle 
at 450° for 12 to 18 hours. If at this time appreciable amounts of unashed 
material remained, the soluble portion was dissolved in HCl and filtered 
off, the unashed fraction returned to the muffle, and the ashing continued. 
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Occasionally small quantities of the larger samples were not completely 
ignited even after the second ashing. In these cases the small amounts 
of HCl-insoluble material were filtered out and a separate determination 
of its activity made. The HCl solution was filtered into a volumetric 
flask and diluted to volume. Suitable aliquots were pipetted into beakers 
and diluted to 25 to 30 ce. Approximately 30 mg. of Zn (as the chloride) 
were added and the solution nearly neutralized with dilute NaOH. The 
zine was precipitated as the carbonate by the addition of a saturated solu- 
tion of K,CO;. Care was taken not to add a large excess of the carbonate 
solution. If the solution was too acidic, a considerable amount of foaming 
occurred upon the addition of the carbonate. The beakers were either 
placed on a steam bath for a few minutes or allowed to stand overnight, 
to aid coagulation of the precipitate. The precipitate was filtered through 
a 5.5 em. filter paper. The paper was removed from the filter funnel and 
the edges trimmed to form a rectangle. The precipitate was spread over 
the surface of the filter paper and dried by means of radiant heat from an 
electric light bulb. The sample was then wrapped with 2 inch Scotch 
tape. Its radioactivity was determined as described above. 


Results 


Mice—The results obtained in mice are recorded in Fig. 1. Samples of 
urine and feces at each time interval were obtained from a group of three 
to four mice kept in a single chamber. The values recorded in Fig. 1 are the 
averages for a single mouse. Observations were extended over a period 
of 170 hours. Each mouse received intravenously a total of 0.33 y of 
labeled zinc, an amount that is negligible with respect to the amount of 
zine already contained in the animal. 

At the end of 170 hours, over 50 per cent of the injected Zn® was elimi- 
nated by way of the gastrointestinal tract. The most rapid excretion by 
this path occurred during the first 10 hours; at the end of this time approxi- 
mately 20 per cent of the administered radiozine was found in the feces. 

Injected radiozine made its appearance early in the urine of mice. 0.2 
per cent of the injected dose was present in the urine as early as 2 hours. 
A total of 2 per cent of the administered Zn® was found in the urine by 
170 hours. 

Dogs—The results obtained on two dogs are recorded in Fig. 2. Dog XV 
weighed 4.8 kilos and received intravenously 5.7 y of labeled zine, whereas 
Dog XVI, which weighed 4.0 kilos, was injected with 6.5 y of labeled zine. 
The excretion of Zn® was measured during a period of 15 days. 

It required 15 days for approximately 25 per cent of the injected Zn® 
to be excreted in the feces of the dog. Although the slopes of the curves 
for feces in Fig. 2 are smaller at the later intervals than at the earlier ones, 
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it should not be inferred that the total amount of zine eliminated by the 
gastrointestinal tract is less during the earlier than during the later 
intervals. 

The specific activity of the circulating zinc is higher in the earlier than 
in the later intervals after the injection of Zn®. This probably accounts 
for the change with time in the slopes of the fecal curves shown in Fig. 2. 

























@ 

50; 25 

40 203 
¢ 8 
: e 
& 

304 g 153 
3 & 

e @ FECES 8 
@) URINE 
= 20] _ y 10 
> J = 
z 
2 g 
i = 
c 104 5; 
5 f 
baad Ww 
nN “ i) " a 
6-©— o— ®a—@— 
ww, . _ fe) ws 
"0 20, 40,5080 (00> MOO 160 ee 6 6 0 @ 4 6 8 
HOURS AFTER ADMINISTRATION OF LABELED 2x DAYS AFTER ADMINISTRATION OF LABELED 2x 
Fia. 1 Fia, 2 


Fic. 1. The excretion of Zn® in the urine and feces of the mouse. Each point 
represents the average value for a single mouse. Each mouse received 0.33 y of la- 
beled zine intravenously. The mice weighed 18 to 23 gm. 

Fig. 2. The excretion of Zn® in the urine and feces of the dog. Dog XV weighed 
4.8 kilos and received 5.7 y of labeled zine intravenously. Dog XVI weighed 4.0 
kilos and received 6.5 y of labeled zine intravenously. 


Less than 5 per cent of the Zn® was excreted in the urine of Dog XV 
during the first 15 days after its administration. Even less was excreted 
in the urine of Dog XVI during this interval. 

As already pointed out, the total amount of zine injected is negligible 
as compared with the total zine content of the dog; and hence it is reason- 
able to believe that the excretion of zinc observed here is an index of the 
endogenous excretion of zinc. 


Our thanks are due to Professor E. O. Lawrence and members of the 
Radiation Laboratory for use of the deflector plate of the cyclotron from 
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which the radiozine was obtained. The assistance of Dr. P. R. Stout in 
the separation of the Zn® is gratefully acknowledged. 


SUMMARY 


The excretion of intravenously injected radiozine into the urine and 
feces of the dog and mouse was investigated. The use of the radioactive 
isotope permitted the injection of minute amounts of zinc, amounts that 
were negligible when compared with the total amounts of zine already 
contained in the animal. 

1. A large fraction of the Zn® appeared in the feces. 
as much as 50 per cent was eliminated by way of the gastrointestinal 
In the dog, about 25 per cent was found in the feces 


In the mouse, 


tract in 170 hours. 
at the end of 12 to 14 days. 

2. Labeled zine appeared early in the urine of both mice and dogs and 
continued to be excreted throughout the periods of observation; namely, 
170 hours in the case of the mice, and 15 days in the case of the dogs. The 
amounts of Zn® eliminated by this route were small, compared with those 
A total of 2 per cent of the administered radiozine 


by way of the feces. 
In 15 days 


was found in the urine of the mouse at the end of 170 hours. 

the dog eliminated 1.2 to 4.7 per cent of the injected Zn® in the urine. 
3. The results obtained here are interpreted to mean that a large frac- 

tion of the body zinc is eliminated by way of the gastrointestinal tract. 


BIBLIOGRAPHY 
Drinker, K. R., Thompson, P. K., and Marsh, M., Am. J. Physiol., 80, 31 (1927); 


81, 284 (1927). 
Grimmett, R. E. R., McIntosh, I. G., Wall, E. M., and Hopkirk, C. 8S. M., Vew 


Zealand J. Agric., 64, 216 (1937). 
. Salant, W., Rieger, J. B., and Treuthardt, E. L. P., J. Biol. Chem., 34, 463 (1918). 


. Livingood, J. J., and Seaborg, G. T., Physic. Rev., 65, 457 (1939). 
5. Seaborg, G. T., Chem. Rev., 27, 199 (1940). 








PYRUVIC ACID 
II. THE DETERMINATION OF KETO ACIDS IN BLOOD AND URINE* 
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(From the Department of Physiology and Pharmacology, Northwestern University 
Medical School, Chicago) 


(Received for publication, August 31, 1942) 


Of the many methods used for the determination of pyruvic acid, the 
most sensitive are those which are based upon the reaction of this acid with 
the nitrophenylhydrazines. These methods are not specific for pyruvic 
acid, but they are highly specific for keto acids as a group. The object 
of this paper is to point out how present procedures can be modified for 
identification and determination of the individual keto acids. 

The principles underlying these methods were first described in 1913 by 
Dakin and Dudley (1). These authors noted that 4-nitrophenylhydra- 
zinopropionie acid and the 4-nitrophenylhydrazones of pyruvic, glyoxylic, 
and phenylglyoxylic acids could be separated from other hydrazones either 
by treatment with a 10 per cent solution of sodium carbonate or by their 
differential solubility in aleohol. The salts of the hydrazones, if present 
in sufficient quantity, could be reprecipitated by acidification of the alkaline 
solution. Dakin and Dudley further noted that the “merest trace’ of 
the hydrazones of glyoxal, methylglyoxal, and phenylglyoxal in sodium 
hydroxide solution, best with NaOH in alcohol, gave blue or purple colors 
which faded to red or brown; on the other hand, all of the acid hydrazones, 
including that of phenylglyoxylic acid, gave an intense red coloration with 
NaOH solution or with NaOH in alcohol.!. These principles have since 
been applied by Neuberg (5-7), Barrenscheen and Dregus (8), Case (9), 
Peters and Thompson (10), Pi-Sufier and Farrdén (11), Lu (12), Larsson 
and Liljedahl (13), and Bueding and Wortis (14). 

Lu (12) has applied the procedure to the determination of pyruvic acid 


* This study was aided by the Clara A. Abbott Fund of Northwestern University. 

The experimental data were taken from a thesis submitted by Gladys E. Haugen 
to the Department of Physiological Chemistry of Northwestern University Medical 
School in partial fulfilment of the requirements for the degree of Master of Science 
in the Graduate School of Northwestern University, 1942. 

‘That derivatives of 4-nitrophenylhydrazine yield violet or red solutions in 
sodium hydroxide was first noted by Bamberger (2). Hyde (3), who first prepared 
the pyruvic acid hydrazone and many other hydrazine derivatives, and who described 
their color reactions in alkali, failed to record the effect of alkali on the pyruvic acid 
derivative. Other 4-nitrophenylhydrazones ‘were prepared by Dakin (4), all of 
which, including the glyoxylic acid derivative, gave deep red colors in alkali. 
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in small samples of blood. This has been modified somewhat by Bueding 
and Wortis (14) and others (15, 16). In these methods the trichloroacetic 
acid filtrate (8) is allowed to react 10 minutes with 1 mg. of 2,4-dinitro- 
phenylhydrazine in 2 N HCl, after which the solution is extracted 3 times 
with small volumes. of ethyl acetate. The combined extracts are then 
reextracted 3 times with small volumes of 10 per cent solution of NasCOs. 
The combined alkaline extracts are extracted once more with ethyl] acetate, 
after which they are made strongly alkaline with NaOH and the intensity 
of the resulting red color is determined in a photoelectric colorimeter. The 
reaction with hydrazine and the extractions are carried out in test-tubes. 
The phases are mixed by blowing air or nitrogen through a Wright pipette 
(a glass tube drawn to a capillary point), and one of the phases is removed 
after each extraction by means of the pipette which is fitted with a rub- 
ber bulb. 

Although the Lu method represents a great advance in technique, it still 
retains one of the features of the older procedures which could be eliminated 
without loss of accuracy or specificity; namely, the complete extraction of 
the hydrazones by means of ethyl acetate and the subsequent complete 
extraction of the acid hydrazones with strong (10 per cent) carbonate 
solution. The seven extractions require much time, and the many trans- 
fers of solution from one tube to another (three test-tubes are needed) 
require the careful attention of the analyst. We have found that one 
extraction of the hydrazones from the reaction mixture and one reextrac- 
tion with carbonate are sufficient. Only one test-tube is required; this 
eliminates the laborious transfer of extracts from one tube to another. 

In addition to its simplicity, this procedure favors the differential extrac- 
tion of hydrazones. For example, 8 cc. of ethyl acetate, when well mixed 
with the 4 ce. of reaction mixture, extract approximately 81 per cent of 
the pyruvic acid hydrazone, 79 per cent of the a-ketoglutaric acid hydra- 
zone, and 89 per cent of oxalacetic acid hydrazone. On the other hand, 
toluene extracts 93 per cent of pyruvic acid hydrazone, 29 per cent of 
a-ketoglutaric acid hydrazone, and only 18 per cent of oxalacetic acid 
hydrazone. The specificity can therefore be greatly enhanced by the 
proper choice of solvent. These differences are not so apparent when the 
reaction mixture is extracted completely, as in older procedures. 

As was shown by Bamberger, Hyde, and Dakin and Dakin and Dudley, 
all of the nitrophenylhydrazones possess the property of forming deeply 
colored water-soluble salts in sodium hydroxide. Thus, a solution of any 
of the hydrazones, methylglyoxal hydrazone for example, in benzene or 
other suitable solvent is readily extracted by means of strong alkali. 
When the extraction is carried out with a 10 per cent solution of carbonate, 
the hydrazones of glyoxals and aldehydes are extracted only slightly, 
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while the hydrazones of keto acids are extracted almost quantitatively. 
Since the hydrazones of glyoxals and aldehydes form some salt even in 10 
per cent carbonate solution, and thus become more soluble in the aqueous 
phase, their effect can be minimized by reducing the number of extractions. 

Besides the simplified Lu procedure for the determination of keto acids, 
we shall present also a method? for the determination of “total hydrazones” 
in blood which should prove useful not only as a rapid clinical method, 
but also as a means of determining (by difference) the concentration of 
reactive neutral keto compounds (aldehydes, ketones, trioses). 


Method 


Reagents— 

/ Protein precipitants. A 10 per cent solution of trichloroacetic acid is 
prepared at frequent intervals and kept in the refrigerator when not in use. 
Old solutions, or solutions which have stood overnight in a warm room, 
may contain considerable quantities of a substance, presumably a keto 
acid, which yields increased and variable blanks. 

A 10 per cent solution of metaphosphoric acid is freshly prepared each 
week and kept in the refrigerator when not in use. 

Lloyd’s reagent. 

Solvents. Xylene, toluene, and benzene are recommended for the deter- 
mination of pyruvic acid. Ethyl acetate® or other non-specific solvents 
such as ethyl ether and caprylic alcohol are useful in the determination of 
total keto acids. 

Keto acid standards. "Either freshly distilled pyruvic acid or lithium 
pyruvate, prepared according to the directions of Wendel (18), may be 
used. Enough H,SO, is added to bring the final acidity to appreximately 
0.1 x. The a-ketoglutaric acid standard is similarly prepared. None of 
these standards when kept in the refrigerator has shown evidence of dete- 
rioration during a period of at least 6 months (19). 

5 cc. of freshly diluted standard solution, containing from 0.25 to 6.0 mg. 
of pyruvic acid per 100 cc., are added to 25 ce. of acid precipitant. The 
determinations are then carried out as described later under “Extraction 
method.” 


* A similar method has been described by Sealock (17). 

* Ethyl acetate should be anhydrous and of c.P. or reagent quality. The used, 
reagent is extracted three times with 0.1 volume each of a saturated solution of cal- 
cium chloride (approximately 75 per cent at 30°). Anhydrous sodium sulfate is 
then added (200 gm. to each liter of ethyl acetate), and the mixture is allowed to 
stand several hours, with frequent shaking, before the fractional distillation. Frac- 
tions boiling at from 73-78° may be used. A standardization curve is made for each 
fraction or batch of solvent. 
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Hydrazine reagents. Either 2,4-dinitrophenylhydrazine (Eastman, No. 
1866) or the hydrochloride of 4-nitrophenylhydrazine (Eastman, No. 979) 
may be used. 2,4-Dinitrophenylhydrazine is preferred because it reacts 
more rapidly with keto acids, its solution is stable, and it may be used for 
the determination of “total hydrazones’ as well as keto acids. 100 mg. 
are ground in a mortar with increasing small volumes of approximately 
2 x HCl until 100 ec. have been added. The solution is filtered through a 
small filter paper and is then kept in the refrigerator when not in use. 

Sodium carbonate. A 10 per cent solution.‘ 

Sodium hydroxide. Solutions of approximately 1.5 N and 2.5 N strength 
are prepared.‘ 

Collection of Sample—Blood is withdrawn from the vein by means of 
dry 2 or 5 cc. syringes fitted with 21 gauge hypodermic needles (20). It is 
withdrawn with a minimum of stasis before collection; the tourniquet is 
removed immediately after entry of the needle into the vein. This pre- 
caution should be observed, despite the fact that continued moderate stasis 
during the collection of the sample does not perceptibly affect the pyruvic 
and lactic acid levels. However, the subject should be cautioned against 
clenching and opening the hand, since such muscular movements may affect 
the results. Although the use of cold syringes is preferred, syringes cooled 
to the temperature of the room will yield satisfactory results. Warm 
syringes should never be used. The syringe is held vertically while the 
plunger is slowly moved upward to the mark. 

The sample is then rapidly ejected in a fine stream through the needle 
into 5 volumes of cold solution of acid precipitant (trichloroacetic? neta- 
phosphoric) contained in a cork-stoppered, 15 or 50 ec. centrifuge tube. 
The tube is then stoppered, shaken, and centrifuged, after which it is kept 
in the refrigerator until ready for analysis. Samples prepared in this 
manner have been stored 2 days in the cold without demonstrable loss of 
pyruvic acid or gain of lactic acid. If lactic acid is to be determined,® 
a syringe of 5 ce. capacity is used; otherwise a tuberculin precision syringe 
of 2 ec. capacity is employed. 

‘ If stored in ordinary bottles, the solutions soon contain considerable quantities 


of suspended material. They should be kept either in paraffin-lined bottles or in 
Pyrex containers. The carbonate solution should be filtered if it is not clear imme- 
diately after preparation. 

° In the case of subjects in ketosis, the precipitated sample should stand overnight 
in the refrigerator to eliminate the slight effect of acetoacetic acid on the determina- 
tion. The interfering effect of acetone in the determination of lactic acid is overcome 
by boiling the final filtrate from the Van Slyke CuSO,-Ca(OH), reagents for a minute 
or two before the analysis is begun. 

° If the Shaffer method (21) is used, the acid reagent should contain 50 cc. of 
syrupy (85 per cent) phosphoric acid and 200 gm. of manganese sulfate per liter. 
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24 hour specimens of urine are collected in large, cold bottles which 
contain 5 ec. of 20 N H.SO,. Single specimens are collected in cold con- 
tainers, and 0.5 ec. of 20 N H.SO, is added for each 100 ce. of urine. At 
this acidity (0.1 to 0.05 N), the pyruvic acid content of the urine is not 
changed appreciably during another 24 hours of storage in the refrigerator. 
2 cc. of urine are added to 10 cc. of 10 per cent solution of metaphosphoric 
or trichloroacetic acid. This solution (when kept cold) will remain un- 
changed with respect to pyruvic acid for at least 24 hours. 

Urine, or samples which contain indicators or other non-precipitable 
colored material, should be treated with Lloyd’s reagent. 0.75 gm. of 
the reagent is added to each 10 cc. of strongly acidified urine or acid extract. 
A concentration of approximately 0.1 N acidity is recommended; at lower 
acidities appreciable quantities of keto acids may be lost. The mixture 
is filtered immediately. 


Extraction Method; General Procedure 


3 ec. of the cold, clear supernatant solution, or 3 ec. of the diluted sample 
of urine, are transferred to a small (18 & 150 mm.) test-tube. If it is 
necessary to take a smaller sample, enough of the blank solution is added 
to bring the volume to 3 cc. The contents of the tube are warmed 10 
minutes in a bath of water at approximately 25°. 1 ee. of the hydrazine 
reagent is then added, and the mixture is allowed to react for exactly 5 
minutes. 

Exactly 8 ec. of ethyl acetate or other suitable solvent’? are now added 
and a rapid stream of nitrogen (or air) is passed through the mixture for a 
period of 2 minutes. Most of the lower aqueous layer is then removed by 
means of the Wright capillary pipette, through which the current of gas 
has passed. The test-tube is next given a sudden circular motion which 
dislodges the solution adhering to the walls. The remaining solution is 
then removed. 

Exactly 6 ce. of sodium carbonate solution are now added to the solvent 
and a rapid current of gas is again passed through the mixture for a period 
of 2 minutes. The capillary tube is removed and the two phases are 
allowed to separate. A 5 ee. pipette is inserted quickly through the upper 
laver; air is momentarily blown through the pipette to discharge the 
aqueous extract and a small quantity of solvent. The solution is then 
drawn into the pipette and the tip of the pipette is wiped free of adhering 
solvent before the volume is adjusted to the mark. The contents are 
then transferred to a colorimeter tube. 


7 This is the largest volume of solvent which can be added without subsequefft 
mechanical loss of the contents from the small test-tube during the aeration. 
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Exactly 5 ce. of 1.5 Nn NaOH solution are added and the contents of the 
tube are immediately mixed. Readings are made by means of the photo- 
electric colorimeter, with Filters 420 and 520, 5 to 10 minutes after addi- 
tion of the alkali. The absorption of light by the colored hydrazone salt 
is determined after the apparatus is set to maximum transmission (100 
galvanometer readings, or zero reference point, depending upon the type 
of colorimeter used) by means of the reagent blank. 

When chloroform or ethyl ether is used, the tube is kept cold by placing 
it in a beaker containing ice water. This prevents loss of the solution by 
volatilization. If chloroform or other solvents which are heavier than 
water are used, the procedure must be changed as follows: After the first 
extraction, the upper layer is carefully removed by means of the Wright 
capillary pipette and discarded. The extraction of the lower chloroform 
layer with aqueous carbonate solution is then carried out as described 
above. 5cc. of the upper layer are taken for the final development of color. 

The presence of extractable indicators, dyes, or other colored materials 
may seriously affect the results. Should any such color remain after 
treatment with Lloyd’s reagent, the error can be minimized by setting up 
two more tubes, C and D, as follows: Tube A, reagent blank + | cc. of 
hydrazine reagent; Tube B, sample + 1 cc. of hydrazine reagent; Tube C, 
reagent blank + | cc. of 2N HCl; Tube D, sample + lee.of 2N HCI. The 
contents of Tubes A, B, C, and D are extracted as already described. The 
absorption of light by the soluble colored material in Tube D is determined 
after the apparatus is set to maximum transmission by means of the reagent 
blank, Tube C. The results are expressed as pyruvic acid; Tube B — D = 
corrected pyruvic acid content of the sample. Examples illustrating this 
method of correction for the color are given in Table II. 

It should be noted that the method makes use of the distribution prin- 
ciple; therefore, it ts necessary to measure all solutions with care. Because 
of the volatility of the solvents and other sources of error, the determination 
should be carried to completion with a minimum of delay. If many deter- 
minations are made, the hydrazine is added to successive samples at defi- 
nite intervals (at, say, every 30 seconds). This permits accurate timing, 
which is essential in the analysis of urine. In this laboratory, seven deter- 
minations, including the blank, are made at one time, the time required 
being 45 minutes to | hour. 


Extraction Method; Specific Procedures for Pyruvic and Dicarboxylic 
Keto Acids 


Two sets of tubes with their appropriate blanks are set up as already 
described. 3 cc. of the protein-free trichloroacetic acid filtrate, or of the 
diluted sample in trichloroacetic acid solution, are warmed to 25°, after 
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which 1 ec. of 2,4-dinitrophenylhydrazine is added. The subsequent steps 
are shown in Table I. 

Calibration curves are prepared by analyzing pyruvic acid standards 
by both procedures. All results are expressed in terms of pyruvic acid. 
Procedure A is useful for the determination of total keto acids. Procedure B 
is highly specific for pyruvic acid; approximately 10 per cent of the a-keto- 
glutaric acid and 5 per cent of oxalacetic acid can also be determined by it. 
The results obtained by means of Filters 540, 420, and 400 permit the 
calculation of the approximate concentrations of each of the keto acids. 
The methods of calculation are given below. 


TABLE I 
Extraction Procedures A and B 








Procedure A Procedure B 
Incubation of reaction mix-| 25 min. | 5 min. 2x atte, 
ture at +25° 
Extraction; volume and 8 cc. ethyl acetate or other| 3 cc. xylene, toluene, or 
solvent non-specific solvent | benzene Leetry 
Reextraction with carbon- 6 cc. 10% solution 6 cc. 10% solution 2 —v« 
ate solution 
Alkali added to 5.0 ce. of 5.0 “ 1.5. ~ NaOH /5.0 “ 15 N NaOH 
extract 


Light filter No. 540, 420, 400 | 520 





Direct Method; Total Hydrazones 


3 ce. of the cold protein-free blood extract are transferred to a colorimeter 
tube. The contents are warmed 10 minutes in a beaker of water at approxi- 
mately 25°. 1.0 ec. of hydrazine reagent is then added. The mixture is 
now incubated 5 minutes, after which 5.0 cc. of 2.5 Nn NaOH are added. 
The color is determined 9 to 11 minutes after addition of the alkali. <A 
reagent blank is prepared at the same time. 

If the extract or diluted sample contains interfering colored material, 
four tubes (A, B, C, and D) are set up and the determination is carried out 
as described above. Examples showing the magnitude and the method 
of the correction for color in Tube D are given in Table II. 

The effect of various substances on the determination is as follows: 
less than 1 per cent, hexoses, glucuronic acid, ascorbic acid, kojic acid; / to 
10 per cent, acetylpyruvie acid, acetoacetic acid, levulinie acid; greater 
than 10 per cent, formaldehyde (and urotropin), acetaldehyde, glyoxal, 
methylglyoxal, glyceraldehyde, acetone, glyoxylic acid, oxalacetic acid, 
a-ketoglutaric acid. 
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EXPERIMENTAL 
Preparation of Samples for Analysis 


Precipitants—The following protein precipitants were found unsatis- 
factory for the determination of pyruvic acid in blood: colloidal iron 
(22, 23), zine (24), copper (25), and cadmium (26) hydroxides, and the 
Folin-Wu tungstic acid reagents (27). 

Of all the precipitants so far used, trichloroacetic acid is the only one 
which has yielded almost quantitative recoveries, from 98 to 99 per cent 
of added keto acid. Its solutions, however, are unstable and, on long 
standing in a warm room, may contain considerable quantities of hydrazine- 
binding substances. Blood filtrates when allowed to stand 4 hours at 35- 
37° too may contain increased quantities of “pyruvic acid” equivalent to 
0.05 to 0.15 mg. per 100 ec. of blood and considerably increased quantities, 
from 0.1 to 0.3 mg. per cent, of other reactive —CO— compounds. Under 
the same conditions, urine samples which have been diluted with 5 volumes 
of the reagent may contain from 0.1 to 0.6 mg. per cent more of “pyruvic 
acid” and slightly more of other reactive —CO— compounds.* 

We suggest the use of metaphosphoric acid as a fairly satisfactory pre- 
cipitant. The solutions are less stable than those of trichloroacetic acid, 
and blood filtrates are not as clear. The recovery of pyruvic acid added 
to samples of blood is not as great when metaphosphoric acid is used, from 
92 to 94 per cent. However, the increase of hydrazine-binding substances 
in filtrates which are allowed to stand several hours in a warm room is 
consistently smaller than that in filtrates prepared with trichloroacetic acid. 

The origin of these substances is not clear. The greater acidity of tri- 
chloroacetic acid filtrates, together with the elevated temperature, may 
bring about a slight increase of color by decomposition of hemoglobin and 
other substances; it favors dissociation of hexamethylentetramine, which 
is always present in normal urine, and it accelerates the acetone decom- 
position of acetoacetic acid. These and other changes may account for 
the increase of total —CO— compounds, but not for the apparent increase 
of extractable chromogenic hydrazones, or keto acids. Some of the keto 
acid is probably derived from the decomposition of trichloroacetic acid, 
catalyzed by substances present in the samples. 

Lloyd’s Reagent—Many indicators and dyes are removed quantitatively 


8 In our experience, such conditions are by no means unusual. They may be 
encountered when samples are collected in trichloroacetic acid (20) during the warm 
months at some distance from the laboratory; for example, in studies carried out on 
the athletic field, the samples being brought to the laboratory some time later. 
Whenever inconsistent results have been obtained from such samples, it has been 
found that no precautions were taken to keep the precipitated samples cool. 
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by Lloyd’s reagent in acid solution (0.1 nN H,SO,) as are, for example, 
methyl red, methyl orange, alizarin, litmus, fuchsin, eosin, saffranine, 
gentian violet (crystal violet), and methylene blue. The phthalein indi- 
cators are only partially removed. These indicators are readily extracted 
by the solvent and they are reextracted by the carbonate solution. They, 
therefore, interfere greatly in the determination (Standard 3, Table II). 
Lloyd’s reagent removed approximately 85 per cent of the indicator. It 
did not perceptibly affect the recovery of pyruvic acid (Standards 2 and 4, 
Table II). 1 gm. of Lloyd’s reagent for each 10 ce. of solution is perhaps 


Tase II 
Lloyd’s Reagent; Removal of Color and Recovery of Added Pyruvic Acid 
The density of the color was determined by means of the Evelyn colorimeter, with 
Filter 520. The analytical data are expressed as mg. of pyruvic acid per 100 cc. 


ct i l 


: Extraction method, ethyl 

Pyruvic | 9-04 per co Direct method acetate solvent 
Sample acid cent Lloyd's 
added — reagent 








Tube Tube Tube Tube | Tube Tube 
B D |B-D B D |B-D 





mg. per cc. per gm. per 
100 cc. 100 ce. 10 ce. 


Standard1 2.38 | None | None 2.38 | 0 2.38 | 2.38 | 0 2.38 
” 2 2.38 " 1.0 2.35 0 2.35 2.35 0 2.35 
3 2.38 5.0 None 3.84 1.43 2.41 | 3.89 1.42 | 2.47 

’ 4 2.38 5.0 1.0 2.53 0.18 2.35 2.58 0.21 2.37 

5 2.38 5.0 3.0 2.05 0.16 1.89 1.91 | 0.21 | 1.70 

Urine la None’ 3.50 | 0.28 | 3.22 | 2.46 | 0.14 | 2.32 
“ Ib 1.0 2.24 | 0.12 | 2.12 
2a None 3.41 0.34 3.07 2.97 0.20 2.77 

2b 1.0 2.68 | 0.11 | 2.58 

3a None 3.69 0.40 3.29 | 3.02 | 0.17 | 2.85 

3b 1.0 2.57 | 0.02 | 2.55 

3e 2.19 None 4.95 | 0.08 | 4.87 

.« fe 2.19 | 4.65 


1.0 4.67 | 0.02 





the maximum which can be added without loss of pyruvic acid. Thus, the 
addition of 3 gm. of Lloyd’s reagent to 10 cc. of Standard 5 led to a marked 
loss of keto acid and no further removal of the indicator. 

The acidity of the solution is also important. Thus, only 81 per cent 
of pyruvic acid was recovered from a standard (not shown in Table II) 
which contained only 5 drops of n HCl per 100 cc. In all of these deter- 
minations the filtration was begun within a minute or two after the reagent 
was added and mixed. 

Urine was collected from normal human subjects over a period of 24 
hours. Three samples whose volumes were less than 1200 cc. and which 
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were somewhat more deeply colored than usual were taken for analysis, 
The results in Table II show that about one-half of the urinary pigment 
was removed by treatment with Lloyd’s reagent. 

A satisfactory recovery of added pyruvic acid was obtained, provided 
not more than | gm. of Lloyd’s reagent was added to 10 cc. of urine. 5 ce, 
of water, or standard solution which contained 2.19 mg. of pyruvie acid, 
were added to 100 cc. of Urine 3. The increase of pyruvic acid in the un- 
treated sample Urine 3c was 4.87 — 2.85, or 2.02 mg. per cent. The 
increase of pyruvic acid in Urine 3d, which was treated with Lloyd’s 
reagent, was 4.65 — 2.55, or 2.10 mg. per cent. 


Tas_e III 
Lloyd’s Reagent; Recovery of a-Ketoglutaric and Oxalacetic Acids 
3.0 ee. of sample in trichloroacetic acid were incubated 20 minutes with 2,4- 
dinitrophenylhydrazine to insure complete reaction of all keto acids. The extrac- 
tions were carried out with ethyl acetate and 10 per cent Na,CO; solution. The 
Evelyn colorimeter, Filter 520, was used. The results are expressed as mg. per cent 
of pyruvic acid. 





Standard Urine 
Keto acid added Lloyd’s reagent, Lloyd’s reagent, 
Untreated 1.0 gm. per10 Untreated’ 1.0 gm. per 10 
cc. sample cc. sample 
me. per R me. percent me. per cent 
cent mg. per cent inc pense thn 
a-Ketoglutaric...... wahipuetdtaek 1.00 1.00 1.04 0.92 
Oxalacetic ee SE oe 1.06 1.04 1.00 1.03 
SE ee ee i aoittaies 1.09 1.09 1.08 1.00 


Similar satisfactory recoveries were obtained when equivalent quanti- 
ties of a-ketoglutaric and oxalacetic acids were added to urine. See 
Table III. 

Although Lloyd’s reagent thus does not remove appreciable quantities 
of added keto acids, it does remove substances whose hydrazones are 
extracted by the solvent and which therefore interfere in the determination 
of pyruvie acid. Thus, Urines 1b, 2b, and 3b of Table Il, which were 
treated with the earth, contained 0.20, 0.19, and 0.30 mg. per cent less 
of “pyruvic acid’ than the untreated samples. Since this procedure in- 
creases the specificity of the method for a-keto acid, we recommend that 
all samples of urine be treated with Lloyd’s reagent. 


Comparison of Authors’ Method with That of Lu, Bueding, and Wortis 


Before a discussion of the reaction of carbonyl compounds with the nitro- 
phenylhydrazines and the factors which influence the extraction of the 
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resulting hydrazones, it should be shown that the authors’ single extraction 
procedure and the procedures of Lu, Bueding, and Wortis, which depend 
upon complete extraction, yield identical results. This can be seen in 
Table IV. In these determinations separate standardization curves were 
prepared for each of the procedures, including the authors’ modified 
procedure. In the latter, the carbonate extracts were allowed to stand 1 


TaBLe IV 
Comparison of Results Obtained with Lu, Bueding, and Wortis Method and Authors’ 
General Method, Ethyl Acetate As Solvent 
Standardization curves were prepared for each of the procedures, including the 
authors’ modified procedure. 











Pyruvic acid Lee : . 
Ls20 | Pyruvic acid, 
meg. per cent mg. per cent } 

Blood 1 3.13 3.30 | 1.82 1.34 3.14 
“« 2 1.30 1.43 1.36 1.29 1.30 
“ 3 0.65 0.64 1.30 1.34 0.67 
“ 4 1.04 1.04 1.37 1.27 1.08 
“ 5 0.84 0.86 1.40 1.32 0.86 

6 1.24 1.22 1.32 1.33 1.24 
“7 0.93 0.95 1.37 1.34 0.94 
8 0.70 0.73 1.43 1.39 0.73 
Urine 1 1.22 1.17 1.48 1.41 1.16 
“ 9 1.28 1.25 1.49 1.50 1.26 
3 1.86 1.94 1.52 1.41 
{ 1.96 2.16 1.55 1.41 
‘ § 1.02 1.11 1.47 1.32 
6 2.28 2.45 1.51 1.40 | 
7 1.62 1.92 1.78 1.56 
8 1.32 1.32 1.51 1.49 | 1.34 
9 0.47 0.48 1.63 1.52 | 0.60 
10 2.80 2.91 1.50 1.43 | 2.80 





*The sodium carbonate extract was allowed to stand 1 hour at room tem- 
perature before the alkali was added; see the text. 


hour exposed to air at room temperature before the alkali was added and 
the final determination was made. This appeared to be necessary because 
the results obtained by the authors’ method in many instances were higher 
than those obtained by the Lu, Bueding, and Wortis method. Apparently 
the carbonate extracts from urine and blood contain substances which, 
during the long time required to make the last four extractions, bring about 
the oxidation of pyruvic acid. When the authors’ method was modified 
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to make the conditions approximately the same in this respect, the two 
methods yielded results which agreed within the limits of experimental 
error. 

Specificity—Case, Peters and Thompson, and Lu have shown that their 
extraction procedures are specific for keto acids. The degree of specificity 
under the conditions of our method is summarized in Table V. It will 
be seen that the a-keto acids are determined equally well. On the other 
hand, by this procedure only about 6 per cent of acetoacetic acid, which is 


TABLE V 


Reaction of Carbonyl Compounds with 2,4-Dinitrophenylhydrazine and Properties of 
Hydrazones 


Authors’ extraction method — non 
Time - 
oo Hydrazone ex- 
Substanc OF COM- | Interference tracted by |,. 
actemem rene” | ingererence| ted OY | Licht absorp Light absonp 
reaction tion of Gon ol tion of 
at 25 pyruvic acid* Ethyl yay -— <4 in 
Filter 520 pd Ben- in alkali alkali 
: zene 
tate 
° per per Le le 
min. per cent cont cont ls | 
a-Keto Pyruvic >5 100 S81 93 | 1.28-1.33  1.28-1.40 
acids Oxalacetic 20-25 100 79 19 | 1.28-1.32 1.28-1.32 
a-Ketoglutaric 20-25 100 89 | 33 | 1.95-2.00 1.55-1.65 
B-Keto Acetoacetic >5 6 1.40-1.45  1.35-1.40 
acids 
y-Keto Levulinic >5 l 1.30-1.35 1.40-1.45 
acids 
Aldehydes Glyceraldehyde >5 >1 1.60-1.70 
Acetaldehyde | >5 >1 2.85-2.90 
Formaldehyde | >5 >1 7.10-8.10 
Ketones Acetone >5 >1 1.45-1.50 
Glyoxals Methylglyoxal | >5 >1 0.45-0.50 
Glyoxal >5 >1 0.30-0.35 


* Ethyl acetate solvent. 


a 8-keto acid, is determined, and approximately 1 per cent of levulinic acid, 
which is a y-keto acid. The method, therefore, is most specific for the 
a-keto acids. 
Reaction of Keto Acids with Phenylhydrazines 

Rate of Reaction—Equivalent quantities of pyruvic and a-ketoglutarie 
acids (14.5 and 24.1 y, respectively, in 3 ce. of trichloroacetic acid solution) 
were allowed to react with various nitrophenylhydrazines at 25°. After 
a specified period of time, 8 ec. of ethyl acetate were added and the extrac- 
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tions were carried out immediately. The color of the alkali hydrazones 
was measured in the Evelyn colorimeter, with Filter 520.2 The results are 
shown in Fig. 1. Results are not shown for 3-nitrophenyl- and 2,4 ,6-tri- 
nitrophenylhydrazines, since no apparent increase of color was noted even 
after 1 hour of incubation. 
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Fic. 1. Rate of reaction of pyruvie acid (O) and a-ketoglutaric acid (A) with 


nitrophenylhydrazines. Ethyl acetate solvent was used, and the readings were 
taken with Filter 520. 


2-Nitrophenylhydrazine itself yields a pale yellow color on the addition 
of alkali. Its keto acid hydrazones in alkali also are yellow in color. The 
rate of reaction of this hydrazine with keto acids was approximately the 
same as that of 2,4-dinitrophenylhydrazine. On the other hand, 4-nitro- 
phenylhydrazine reacted very slowly. The reaction of the 4-nitro com- 


* The light filters were obtained from the Rubicon Company, Philadelphia, Penn- 
sylvania, the makers of the Evelyn colorimeter. 
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pound with pyruvic acid was complete in about 30 minutes; the reaction 
with a-ketoglutaric acid required 120 minutes for completion. 

The reaction of 2,4-dinitrophenylhydrazine with pyruvic acid was 
complete in 3 to 4 minutes at 25°. The following compounds also gave 
maximum results within less than 5 minutes of incubation at 25°: formal- 
dehyde, acetaldehyde, glyoxal, glyoxylic acid, glyceraldehyde, methy]- 


TaBLe VI 


Rate of Reaction of Keto Acids of Blood and Urine with 2,4-Dinitrophenyl- 
hydrazine at 25° 


All urine samples were treated with Lloyd’s reagent. The extractions were made 
with c.p. ethyl acetate. The results are expressed in mg. per cent. 


Extractable hydrazones, “pyruvic Total hydrazones (corrected) ex- 


aci pressed as pyruvic acid Extraction 
Sample method 
Afters | After 20 | After60 | AfterS | After 20 | After 60 | *fterSmin. 
min. min. min. min. min. min. 
Lao 
Lizo 
Blood Al* my 1.16 1.19 1.37 1.53 1.60 1.32 
~ ee 1.16 1.16 1.16 1.34 1.59 1.68 1.38 
" B 0.76 0.77 0.77 0.87 1.13 1.20 1.38 
-. 1.62 1.62 1.64 2.01 2.23 2.30 1.30 
Urine A 1.12 1.54 1.68 1.64 2.32 2.95 1.47 
™ B 0.52 0.72 0.78 0.73 1.02 1.54 1.42 
= @ 2.21 2.98 3.33 3.06 4.18 4.17 1.50 
ae 1.27 1.61 1.67 1.53 1.98 2.59 1.48 
> oe 0.14 0.24 0.26 0.25 1.65 
“« E 10.6 11.1 10.9 11.3 11.8 12.8 1.31 
“« Es 23.0 23.3 23.2 24.5 25.1 26.5 1.28 
™ | OF 18.8 19.2 19.4 21.0 21.9 22.3 1.30 
“<6 6U:;:s 3.58 3.91 3.93 3.99 4.25 4.58 1.37 


* Blood Al was taken at 9.45 a.m.; Blood A2 5 minutes after the subject had 
walked 600 feet. 

t The subject ran as rapidly as possible up seventeen flights of steps. In order to 
increase the flow of urine he drank much water during the 2 hours preceding and the 
Ist hour following the period of exercise. Urine E; was collected just before the 
experiment; Urines E, to Es at 15 minute intervals after the exercise. 


glyoxal, pyruvic acid, acetoacetic acid, acetone, and levulinic acid. Oval- 
acetic and a-ketoglutaric acids required approximately 20 minutes for complete 
reaction. 

The reaction of hydrazine with the carbonyl compound apparently pro- 
ceeds only in the aqueous acid solution and does not continue in the solvent 
phase, as is shown by the following experiment. a-Ketoglutaric acid solu- 
tions were allowed to react exactly 2 minutes at 25° with 2 ,4-dinitrophenyl- 
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hydrazine, after which the reaction mixture was extracted immediately 
with ethyl acetate. Immediate reextraction of the solvent phase with 
carbonate yielded 45, 47, and 53 per cent of the maximum color; reextrac- 
tion after 30 minutes yielded 46, 49, and 40 per cent of the maximum color. 
These data demonstrate, first, that it is possible to stop the reaction at any 
time merely by extracting the mixture with a solvent and immediately 


TaBLe VII 


Extraction of Keto Acid Hydrazones and 2,4-Dinitrophenylhydrazine by Various 
Solvents 


Approximately equimolecular quantities of the keto acids were allowed to react 
to completion with 1 ec. of 2,4-dinitrophenylhydrazine solution at 25°. The reaction 
mixture was then extracted with 8 ec. of the solvent indicated in the first column. 


Pyruvic acid a-Ketoglutaric Oxalacetic acid 2, 4-Dinitrophenyl- 
hydrazone | acid hydrazone hydrazone y ine 


Solvent Ra | fe. ee Paras 4 
Carbon-| Per | Carbon- Per | Carbon-| Per r-oased Per 


r of 
eninaet | ‘acted | oomeit tracted | ined “tracted. sepesien ‘cman 
| | 
Leno | Laeo | Leo | | Leo 

None 0.335* 0.312* 0.322" | 0.599f, 
Benzene 0.312) 93 | 0.101) 33 | 0.061 19 | 0.350} 42 
Toluene 0.310 93 | 0.091 29 0.057, 18 | 0.262) 56 
Xylene 0.317 95 0.084 27 0.057 18 | 0.319 | 47 
Chloroform 0.318 95 0.215 69 0.101) 31 | 0.191 68 
Ethyl ether..... 0.308 92 0.288 92 0.300 | 93 | 0.288 | 52 
Caprylie alcohol ..| 0.285 85 0.273 88 0.305 95 | 0.039 93 
Ethyl acetate, c.P.... 0.271 81 0.245 79 | 0.286 89 | 0.008) 99 

ee ‘“  technical..| 0.241 | 72 0.214 69 0.007 | 99 











* By direct determination, without previous extraction. The other results in 
the column were obtained by multiplying the observed density, Ls20, by 6/5, since 
5 cc. of the 6 cc. of carbonate extract were taken for development of color. 

+A mixture, consisting of 3.0 cc. of trichloroacetic acid solution and 1.0 cc. of 
hydrazine solution, was extracted with 8.9 cc. of solvent. The aqueous layer was 
then quantitatively transferred to a colorimeter tube; 6.0 cc. of water were added, 
and the yellow color was determined, with Filter 420. 


thereafter removing the aqueous phase, and, second, that the determination 
can then be carried out more leisurely after this extraction. 

Accurate timing is not so necessary in the analysis of the blood, but it is 
of the greatest importance in the analysis of urine or materials which con- 
tain dicarboxylic keto acids and other slowly reacting substances. This is 
shown by the results in Table VI. 


Absorption of Light by Alkali Hydrazones 


12.27 y of pyruvic acid and equivalent quantities of oxalacetic or a-keto- 
glutaric acids in 3 cc. of trichloroacetic acid solution were incubated with 
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various hydrazines at 25° until the reaction was complete. The extrac- 
tions and the development of color were then carried out as usual, and the 
photometric density was determined by means of the Evelyn colorimeter. 
Ethyl acetate solvent was used because it is most frequently used by other 
workers and because it is one of the few solvents which extracts approxi- 
mately equal quantities of the keto acid hydrazones (Table VII). 

It should be pointed out that the curves given in Fig. 2 are not identical 
with those given by equivalent quantities of the pure hydrazones. The 
keto acid hydrazones exhibit marked differences in solubility (see Ta- 
ble VII), and the final solution therefore may not contain exactly equiva- 
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Fia. 2. Light absorption of nitrophenylhydrazones of pyruvic and a-ketoglutaric 
acids. Ethyl acetate solvent was used. 


lent quantities of the hydrazones, even though the reaction mixture in 
every case contained an equivalent quantity of keto acid. The final solu- 
tion also contains varying quantities of other impurities, which may affect 
the absorption of light. Fig. 2 therefore contains comparative results, 
such as are obtained under the conditions of the authors’ procedure. 

The hydrazones which resulted from the reaction of the three nitro- 
phenylhydrazines differed greatly in their light-absorbing properties in 
strongly alkaline solution. These results indicate that the red color of 
the 2,4-dinitrophenylhydrazones in strong alkali is probably due to sub- 
stitution of one of the nitro groups in the para position‘ of the benzene ring. 

Of particular interest is the similarity of the curves of the pyruvic and 
oxalacetic acid hydrazones (Fig. 3). The curves of all three keto acids 
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coincided at wave-lengths greater than 540 my. The curve for a-keto- 
glutaric acid hydrazone differed markedly from that of the other keto acids 
at lower wave-lengths. 
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Fic. 3. Light absorption of nitrophenylhydrazones of pyruvie and oxalacetic 
acids. Ethyl acetate solvent was used. 


TaB_Le VIII 
Ratio of L420: Lsx0; Analysis of Solutions Containing Varying Quantities of Keto Acids 


5.0 ee. of the solution, whose composition is shown in the table, were added to 
25 ec. of trichloroacetic acid solution. 3.0 cc. volumes were incubated at 25° with 
1 ce. of 2,4-dinitrophenylhydrazine. Single extractions were made with 8 cc. of 
solvent and 6 ce. of 10 per cent sodium carbonate solution. 


Solution c.P. ethyl acetate solvent 


Molecular ratio of 


a-Ketoglutaric pyruvic to a-keto- 5 min. incubation 20 min. incubation 


Pyruvic acid 








acid glutaric acid 

Leo Leo 

mg. per cent mg. per cent pe ie 
2.454 0 100:0 1.27 1.29 
2.209 0.4064 90:10 1.32 1.38 
1.963 0.8128 80:20 1.38 1.44 
1.718 1.2192 70:30 1.44 1.50 
1.227 2.032 50:50 1.56 1.64 
0.6135 3.048 25:75 1.73 1.81 
0 4.064 0:100 1.97 1.99 


Identification of Keto Acids by Means of Ratio L420: Ls20 


The differences in the absorption of light by various hydrazones may be 
characterized by the ratio of the photometric densities at two wave-lengths 
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of light, say at 420 and 520 my. This is shown in Table V. Each sub- 
stance yielded ratios which varied somewhat, depending upon the concen- 
tration and the solvent used in the first extraction. It was approximately 
the same whether determined directly or after extraction. The glyoxals 
yielded the lowest ratios. This was to be expected, since the alkali 
hydrazones of glyoxals have a violet color (1-3). The highest ratios were 
obtained from the paraffin aldehydes, formaldehyde and acetaldehyde. 

Since the extraction method is specific for keto acids, especially for the 
a-keto acids, and since the Lio: Lyzo ratio yielded by one of these acids is 
markedly higher than that of the other two, this property may be used not 
only to identify the acids but also to determine the relative quantity of 
each. Thus, a ratio considerably greater than 1.30 indicates the presence 
of a-ketoglutaric acid. If the sample contains a-ketoglutaric acid, and 
relatively few other substances, the ratio can be used to calculate the rela- 
tive quantity of a-ketoglutaric and pyruvie acids. A marked increase 
of the ratio is observed when a-ketoglutaric acid constitutes as little as 
10 per cent of the total keto acids, as can be seen in the last column of 
Table VIII. The quantitative application of this principle is shown 
in Table XIII. 

Solvents 

Many solvents have been used in the past. The early workers extracted 
the crystalline mass of hydrazones with 10 per cent sodium carbonate (1, 5) 
or dilute ammonia (6) solution; the hydrazones, after recovery from the 
alkaline solution, were crystallized from nitrobenzene (1) or ethyl acetate 
(7). Case and Peters and Thompson extracted the aqueous reaction mix- 
ture with ethyl acetate; the extract was evaporated, the residue was redis- 
solved in toluene, and the toluene solution was finally extracted with 
sodium carbonate solution. Lu and others (14, 16) extracted the reaction 
mixture with ethyl acetate. Pi-Sufier and Farrén used toluene, and 
Larsson and Liljedahl used ethyl ether. 

Use of Various Solvents—The solvents listed in Table VII were the best 
of many tested. They represent many types of compounds: esters, alco- 
hols, ethers, chlorinated hydrocarbons, and aromatic hydrocarbons. They 
are arranged approximately in the order of their efficiency in extracting 
the pyruvic acid hydrazone from the trichloroacetic acid reaction mixture. 
The aromatic hydrocarbons, chloroform, and ether extracted from 92 to 
95 per cent of pyruvic acid hydrazone. Caprylic alcohol extracted some- 
what less, and ethyl acetate the least. Turpentine, which contains 
terpenes similar in structure to the aromatic hydrocarbons, and kerosene, 
which consists of a mixture of lower paraffin hydrocarbons, proved unsatis- 
factory for the extraction of hydrazones. Likewise, carbon tetrachloride 
and butyl, isobutyl, and amy] alcohols were found unsuitable. 
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The results in Table VII demonstrate a marked difference in the degree 
of solubility of the hydrazones of the dicarboxylic acids in the various 
solvents. Approximately 30 per cent of the a-ketoglutaric and 20 per cent 
of the oxalacetic acid hydrazones were extracted by the aromatic hydro- 
carbons. These hydrocarbons also extracted much less of the unused 
dinitrophenylhydrazone. Since they extracted more than 90 per cent of 
the pyruvic acid hydrazone, their use is especially recommended for the 
determination of pyruvie acid. Ethyl ether, caprylic alcohol, and c.p. 
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Fic. 4. Standardization curves obtained with various solvents. Pyruvie acid 
standards were allowed to react 5 minutes with 2,4-dinitrophenylhydrazine, after 
which the extraction was carried out with 8 cc. of solvent. Filter 520 was used 
throughout. 


ethyl acetate extracted approximately equal quantities of the three 
hydrazones. 

When pyruvate standards were analyzed (Fig. 4), each of the solvents 
yielded results which followed Beer’s law; the photometric density was 
proportional to the quantity of keto acid analyzed. The results obtained 
with ethyl acetate are of particular interest. This solvent, unlike the 
others, is difficult to prepare pure or to obtain in the anhydrous state. 
Alcohol, which is a common impurity and which has practically the same 
boiling point, is removed with difficulty. Alcohol, water, and the varying 
quantities of denaturant, methylisobutyl ketone, which are present in all 
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grades of ethy! acetate, have a decided effect on the extraction of the various 
hydrazones. It is therefore not the best solvent, although it is perhaps 
the least toxic. 


TaBLe IX 
Comparison of Results Obtained with Various Solvents 


All urine samples were treated with Lloyd’s reagent. The density was determined 
with Filter 520. The results are expressed as mg. of pyruvic acid per 100 cc. of blood 
or urine. 


Solvent 
Sample - : : : 
— Benzene Toluene Xylene Chloroform Copsyttc 
Blood 1 1.54 1.66 1.61 
~~ 0.72 0.94 0.95 
re 0.77 0.77 0.78 
er 1.13 1.27 1.30 
. 1.19 1.34 1.42 
ae 2.75 3.19 2.56 
eas | 0.99 1.20 0.82 
- § 1.79 2.01 1.62 
=. § 0.62 0.86 0.80 0.80 
* 10 1.0 1.16 1.11 1.1 
Urine 1 1.47 1.30 1.32 1.53 
= oe 0.51 0.50 0.46 0.49 
7 ie 3.80 2.48 2.56 4.20 
~<a 3.20 1.66 1.65 2.31 
a 1.44 0.92 0.97 1.19 
= oe 2.06 1.13 0.98 1.59 
saab 2.83 1.95 1.90 j 
TABLE X 


Ratio of L420: Ls20, Obtained in Analysis of Blood and Urine Samples Shown in Table 1X 

: : ’ | - " - 

— Blood | Blood | Blood | Blood | Blood | Urine | Urine | Urine | Urine | Urine | Urine | Urine 
— 6 , . @ 9 | 10 1 2 3 4 5 6 7 


in } | | | | 
Ethyl acetate. .| 1.32) 1.39) 1.34) 1.41] 1.27| 1.51] 1.41] 1.68) 1.58 1.59) 1.53) 1.50 


| 


{ 


Benzene.. | 1.37) 1.29 1.36 
Toluene 1.33) 1.35) 1.33) 1.41) 1.29) | 1.42) 1.33) 1.34) 1.32) 1.29 
Xylene. .... | | 1.32) 1.32) | 1.40) 1.33) 1.36 1.31 
Chloroform. | | 1.37) 1.35) 1.39) 1.41) | 1.47) 1.51} 1.42) 1.37 
Caprylic | | | 
alcohol,..... | 1.32! 1.35) 1.32) | | 1.51) 1.40) 1.59) 


Marked differences were noted when these solvents were used in the 
analysis of urine (Table IX). Such differences were to be expected, since 
urine contains considerable quantities of a-ketoglutarie acid. Caprylie 
alcohol and ethyl acetate gave the largest vields of “pyruvie acid.”’ The 
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aromatic solvents, on the other hand, gave the smallest yields. These 
results are in agreement with the trends shown in Table VII. 

When blood was analyzed, the aromatic hydrocarbons gave slightly 
higher yields of pyruvic acid. The differences were greater than the 
analytical error (see also Analyses 3 and 4 with Filter 520, Table XII). 
On the whole, however, the results obtained with the various solvents 
agreed fairly well. 

The effect of the solvent on the ratio Lao: Ls20 is shown in Table X. 
When blood was analyzed, the various solvents yielded almost identical 
ratios. When urine was analyzed, ratios which approached those obtained 


TaBLe XI 
Effect of Volume of Solvent 
The second extraction was made with a 5 per cent solution of sodium carbonate. 








Benzene | Ethy] acetate 
Keto acid® ben a Increase or | Increase or 
Ls decrease (3 cc. Ls20 decrease (3 cc. 
= 100 per cent) | | = 100 per cent) 
cc. per cent | per cent 

Pyruvie 3 0.258 100 =| (0.244 | 100 
- 5 0.268 104 0.237 =| 97 
i 7 0.273 106 0.232 95 
= 10 0.268 104 0.226 93 
a-Ketoglutaric 3 0.046 100 0.177 100 
- 5 0.065 141 0.167 94 
= 7 0.082 178 0.162 | 92 
ee 10 0.101 220 0.164 | 93 


* Equimolecular quantities were allowed to react to completion with 2,4-dinitro- 
phenylhydrazine, after which the reaction mixture was extracted once with the vol- 
ume of solvent indicated in the second column. 


with pure pyruvic acid were obtained only when the aromatic solvents 
were used. 

Effect of Volume of Solvent--That the extraction of pyruvic acid hydra- 
zone is relatively little affected by the volume of solvent is shown in Ta- 
ble XI. As the volume of benzene used for the extraction was increased, 
the photometric density of the final solution was increased slightly; the 
reverse was noted when ethyl acetate was used. Proportionate slight 
decreases were seen when the a-ketoglutaric hydrazone was extracted by 
increasing volumes of the ester. On the other hand, more than twice as 
much (220 per cent) hydrazone was extracted by 10 cc. of benzene as by 
3ce. From a consideration of the data in Table VII it is evident that the 
extraction procedure can be made more specific for pyruvie acid by using a 
small volume of an aromatic hydrocarbon. 
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Summary of Conditions Which Affect Determination of Keto Acids 


In the foregoing discussion it was shown that the following factors 
markedly affect the specificity: (1) the period of incubation, (2) the choice 
of light filter, (3) the solvent, and (4) the volume of solvent used in the 
extraction. The effect of these conditions on the analysis of an equi- 


TasLe XII 
Summary; Effect of Various Factors on Specificity of Extraction Method 





Analytical conditions Len, 
Leo 
<a 
Analy- teketo | y;; Pyru- 
de pote (ancer- | Bloodt e+ 
No. Incu- Light Vol- ee rected )t a-keto- 
bation filter Solvent ume of . rd*t glutaric Urine | Blood 
time No. solvent -_ acid 
stand- 
ard 
mg. per mg. per meg. per 
P 4 ‘ t 
ae 7 Poona povanle Poon ds 
acid acid acid 
l 60 420 Ethyl acetate 8 5.36 6.18 2.88 1.65 1.47) 1.40 
2 20 420 i - S 5.18 5.90 2.78 1.61 1.49 1.36 
3 5 420 S 4.60 4.94 | 2.62 | 1.58 | 1.48 | 1.32 
] 5 520 Ss 3.78 4.31 | 2.57 | 1.58 | 1.48 | 1.32 
4 5 520 Xylene S 2.68 3.42 | 2.80 | 1.38 | 1.33 | 1.3] 
5 5 520 - 3 2.41* 3.18 2.78 1.38 1.32 1.33 
6 5 520 e 3 2.44 3.26 | 2.84 
3 5 540 ~=—- Ethyl! acetate S 3.88 | 4.29 | 2.51 
2 20 540 _ = S 4.356* 65.06 2.67 
l 60 540 " - S 4.38 5.44 | 2.70 


* The standard solution contained 2.21 mg. per cent of pyruvic acid and an equiv- 
alent quantity, 3.69 mg. per cent, of a-ketoglutaric acid. The total keto acid content, 
expressed as pyruvic acid, should therefore be 4.42 mg. per cent. 

+t The bold-faced figures represent the results obtained by Procedures A and B, 
described in the text. 

t Lago: Logo ratios for pure pyruvic acid in this experiment were as follows: with 
ethyl acetate solvent, 1.31, 1.30, 1.31; with xylene solvent, 1.33, 1.32, 1.29. The 
Lao: Logo ratios were, with ethyl acetate solvent, 1.46, 1.46, 1.46; with xylene solvent, 
1.49, 1.48, 1.47. a@-Ketoglutaric acid yielded the following ratios: with ethyl acetate 
solvent, Lazo: L520, 1.99, 2.00, 1.95; Lazo: Lio, 2.08, 2.05. 


molecular mixture of keto acids, urine, and blood is shown in Table XII. 
In each of the six series of analyses representing a total of ten conditions, 
pyruvic acid standards were simultaneously analyzed. In each case, 
the results were calculated by referring to the appropriate standardization 
curve. It will be seen (Analyses 1, 2, and 3) that the reaction was almost 
complete within 20 minutes, and that the lowest results were obtained 
when the period of incubation was only 5 minutes. The effect of the vari- 
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ous light filters on the results is shown by Analysis 3. The striking differ- 
ences observed with pure solutions of keto acids when a non-specific solvent 
such as ethyl acetate and a more specific solvent such as one of the aromatic 
hydrocarbons (see Table VII) was used is shown by Analyses 3 and 4. 
The effect of the use of a small volume of a specific solvent (Table XI) 
is shown by Analyses 4 and 5. 

As the conditions changed in Analyses 1 to 5, the determination became 
increasingly more specific for pyruvic acid. This was shown also by the 
ratios of L420: Ls20, which diminished proportionately. In addition to the 
2.21 mg. per cent of pyruvic acid in the equimolecular mixture of keto acids, 
10 per’ cent of the a-ketoglutaric acid was determined in Analysis 5; the 
Lo? Lego ratio indicated the analysis of 11 per cent of the dicarboxylic acid 
(see foot-note, Table XII). Analysis 2 (with Filter 540) represented the 
least specific condition, and therefore in it the total keto acids should have 
been determined. Analysis of the mixed standard by this procedure indi- 
cated a recovery of 97 per cent of a-ketoglutaric acid. 


Determination of Individual Keto Acids by Extraction Procedures A and B 


By carrying out determinations by Procedures A and B, it is possible to 
calculate the approximate content of the various keto acids. The calcu- 
lation can be made directly from the ZL values, but it is simpler to express 
all results in terms of pyruvic acid and to base the calculations on the latter. 
Since oxalacetic acid is slowly decomposed by the acid precipitants (yield- 
ing pyruvic acid) and since it is present in relatively small concentrations, 
if at all, in body fluids and tissues, its effect is not apparent under the usual 
conditions. It can, however, be determined with considerable accuracy 
if the sample is precipitated (or diluted) with cold acid precipitant and the 
analysis carried out with a minimum of delay. However, since the analy- 
sis is usually delayed, the sample for all practical purposes contains only 
two keto acids, pyruvic and a-ketoglutaric. This greatly simplifies the 
calculations. 

Method 1—Let Aj, Ao, and A; represent the apparent keto acid content, 
determined by means of Procedure A, with Filters 540, 420, and 400, re- 
spectively. Let B represent the apparent keto acid content, determined 
by means of Procedure B. Finally, let p and g represent pyruvic and 
a-ketoglutaric acids, respectively. A1, Ao, As, B, p, and g are all expressed 
in terms of mg. per cent of pyruvic acid. On the basis of the results given 
in Tables XII and XIIT° 


1° Equations 1 to 4 will differ somewhat in each laboratory, owing to slight differ- 
ences of technique, of light filters, and of composition of solvents. These equations 
are given here to illustrate the method of calculation. 
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(1) B =p+0.10g 
(2) A, = p + 0.959 
(3) A, = p + 2.06/1.46 (0.989) 
(4) Ay = p + 2.21/1.19 (0.989) 


By subtracting Equation | from Equation 2, g = (A, — B)/0.85. Sinee 
a-ketoglutaric acid = 1469/88, 


(5) a-Ketoglutaric acid = 1.95 (A, — B) 


TaBLe XIII 


Separate Determination of Keto Acids in Mixtures by Specific Extraction Procedures 
A and B 


Pyruvie acid, Ly2o:Lsio 1.49, Leoo:Lsso 1.19; a-ketoglutarie acid, Ly2o:Lsa0 2.11, 
Loo: Lsao 2.21. 
The results are expressed in mg. per cent. 


“Pyruvic acid,”’ based on 


: . standardization of each pro- | : : . 
Solution cedure against ure pyruvic adie Method 1 Method 2 
- by Pro- 
p ; me A 7 
Ke = P j A roced- 20 | Deresrarte! Leto- - | a-Keto- 
eMcleoalar, | pyra-|@Keto) — Provedure A | ares | 7S | Faruvic ivtaicl Pymviel sate 
vie toaketo-| scia | ‘atic | Fitter | Filter | Filter| Filter | Eaua- | Faua, | Eaua- | ‘sau, 
glutaric acid acid |540, Ai\420, A2|400, As} 520, B tion 6 | tion 5 | #0" 1! | tion 12 
| 
100:0 2.940 0 | 2.94 2.94) 2.94 2.94 | 1.49 | 2.94 0 
83.3:16.7 | 2.45 | 0.82 2.95) 3.12) 3.34) 2.48 1.57 2.42 | 0.93 | 2.57 | 0.66 
66.7:33.3 | 1.96 1.63 | 2.90) 3.29) 3.80) 2.038 | 1.69 | 1.92 | 1.72 | 1.90 | 1.68 
33.3:66.7 0.98 3.26 | 2.86) 3.70) 4.67) 1.21 1.93 | 1.00 | 3.26 | 0.83 | 3.53 
0:100 0 4.88 | 2.82) 3.97 5.48) 0.33 2.11 0 4.93 


* The equations were modified by substituting the ratios which were obtained 
in this experiment. 
If the value for g is substituted in Equation | and it is solved for p 
(6) Pyruvie acid = 11B — 0.14, ‘ 
By combining Equations 2 and 3, solving for g, and then multiplying 
by 146/88, 
(7) a-Ketoglutaric acid = 3.85 (Ay — A;) 
From Equations 2 and 3, 
(8) Pyruvie acid = 3.2A; — 2.2A2 
Similarly, by combining Equations 2 and 4 and solving for g and p, 
(9) a-Ketoglutaric acid = 1.9 (As — A;) 


(10) Pyruvie acid = 2.1A,; — 1.1A; 
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Method 2—This method requires only one determination. If the deter- 
mination is carried out according to Procedure A, then the a-ketoglutaric 
acid fraction of A; is 


4 (Fast = Resto) 
441 — 


IiasoLsa0 — PlesoXsa0 

A,, as before, is the total apparent keto acid content, expressed as mg. per 
cent of pyruvic acid. X, p, and g, with the subscript Lo: Lss0 are the 
ratios of the optical densities yielded respectively by the unknown, by 
pyruvic acid, and by a-ketoglutaric acid. In all experiments except those 
shown in Table XIII, the average values were P1445: 1549 1-46, Yiy29: Lsqo 2-08. 
Then 

: — 1.46 
(11) Pyruvie acid = A, (1 — iseteee—! 

0.60 
According to Equation 2, only 95 per cent of a-ketoglutaric acid, expressed 
as mg. per cent of pyruvic acid, is determined. Therefore, 


(12) a-Ketoglutaric acid = 2.9A; (X1,,9:t549 — 1.46) 


If the determination is carried out by Procedure B, the a-ketoglutaric acid 
fraction of B is 
B (ese od Pease) 
IL 420:-520 —~ Plaeo:’s20 


The average ratios obtained with 3 cc. of xylene solvent were Pij4.9: L520 
1.33, Gigso: L529 1-74. Therefore, 


X : -1, 
(13) Pyruvic acid = B(1 — Xvszo:ts20 — 1.33 
0.41 


Direct Method; Total Hydrazones 


This procedure is more specific than may be inferred from a perusal of 
the effect of the substances listed above under this method. Fortunately, 
blood and urine contain few of these compounds. The effect of slowly 
reacting substances, which probably are dicarboxylic keto acids, is mini- 
mized by reducing the period of incubation to 5 minutes. The use of 
Filter 520, as we have shown, also increases the specificity (see Table XII 
and Fig. 2). When applied to blood and urine (Table VI), this procedure 
always gave higher results than the extraction method. However, in the 
case of blood, the difference was relatively small and quite constant. 
Thus, in the analysis of 67 samples of blood from forty normal subjects 
the difference between the direct and the extraction methods, expressed as mg. 
per cent of pyruvic acid, varied from 0.12 to 0.69, with an average difference 
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of 0.41. The pyruvic acid content, as determined by the extraction method, 
varied from 0.44 to 5.50 mg. per cent. Since the difference is small com- 


TaBLe XIV 
Color-Producing Hydrazones of Blood After Ingestion of Dextrose 


The results are expressed in mg. per cent. 


Mr. H. Mrs. R. 
After . aaenracae 7 . 
ingestion of _ | Other hy- _ | Other hy- 
meme | sugar | Totally; | Prryyie | enrages | Suesr | Totsler) Prrurie | geoaueme 
| ence) ence) 
hrs. 
Fasting 143 1.50 0.90 0.60 90 1.39 0.87 0.52 
0.5 224 1.54 0.98 0.56 123 1.37 0.94 0.43 
l 302 2.19 1.57 0.62 150 1.67 1.30 0.37 
2 | 289 2.42 1.78 0.64 123 | 1.89 1.40 0.49 
3 223 1.99 1.33 0.66 74 1.76 1.29 0.47 
4 80 1.48 1.14 0.34 
5 92 1.50 1.10 0.40 
TABLE XV 


Color-Producing Hydrazones of Blood after Severe Muscular Exzertion 


The results are expressed in mg. per cent. 


| Other hy- | ’ . 
Subject Exercise Lactic acid ——_ = 4 - by diffe. Pee 
| ence) 
A Resting 0.79 1.24 0.45 
“3 ~s 0.69 1.35 0.66 
<a 7 to 8 min. after 186 4.72 5.16 0.44 39.4 
Ss Eyl Te te 198 4.63 5.04 0.41 42.8 
B Resting 0.91 1.38 0.47 
- 7 to 8 min. after 162 4.25 4.62 0.37 38.1 
7” Bae Tie 7 154 4.21 4.38 0.17 36.6 
Cc Resting 0.69 1.16 0.47 
. si 0.68 0.93 0.25 
" 7 to 8 min. after 138 5.14 5.79 0.65 26.8 
S 5 Ree Sie . 125 4.63 5.04 0.41 27.0 
D Resting 0.74 1.28 0.54 
” - 0.70 1.05 0.35 
- 7 to 8 min. after 85 3.55 4.14 0.59 24.0 
2.96 3.64 0.68 25.0 


“ j 7 “ee 8 e “ce 74 


*Ethyl acetate solvent, Filter 520. 


pared with the pyruvic acid content, the direct method can be used in the 


clinical laboratory as a rapid, approximate test. 
The constancy of this difference under severe conditions is illustrated by 
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the results given in Tables XIV and XV. It has been shown that the 
pyruvic acid content of the blood is greatly increased following the ingestion 
of sugar (28). It is increased to an even greater extent by severe muscu- 
lar exertion (29-31). The conditions under which the pyruvie acid was 
produced and the effect on the subject differed greatly in our experiments. 
Despite these unusual conditions, the differences between the results 
obtained by means of the direct and extraction methods were no greater 
than those obtained from normal resting subjects. Furthermore, on the 
assumption that the changes in the blood represent, qualitatively at least, 
the changes occurring in the tissues, it may be concluded that demonstrable 
quantities of aldehydes, methylglyoxal, and free trioses (which readily 
affect the determination) are not produced under conditions leading to the 
production of large quantities of pyruvic acid in the normal intact subject. 


We wish to express our appreciation to Dr. E. 8S. G. Barron and Dr. E. A. 
Evans, Jr., of the University of Chicago for the liberal donations of oxal- 
acetic and a-ketoglutaric acids, and to Dr. R. H. Baker of Northwestern 
University for the preparation of several of the nitrophenylhydrazines. 
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PROTEIN SULFHYDRYL GROUPS AND THE REVERSIBLE 
INACTIVATION OF THE ENZYME UREASE* 


THE REDUCING GROUPS OF EGG ALBUMIN AND OF UREASE 


By LESLIE HELLERMAN, FRANCIS P. CHINARD,t anno VICTOR R. DEITZ 


(From the Department of Physiological Chemistry, the Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, November 3, 1942) 


In an addendum to a review article dealing with the réle of reversible 
chemical processes in the control-of activity of certain enzymes (1), we 
presented preliminary evidence pointing to some interesting variations in 
the reactivity of the reducing groups of urease. A closer study promised 
to reveal information concerning the relationship between the substituent 
sulfhydryl groups of certain enzymes and the mechanism of their activation 
and inactivation. The problem appeared also to bear upon apparent 
anomalies in the chemistry of certain proteins that have been assumed to 
contain substituent thiol groupings. 

The striking differences in the physical and chemical properties of hen’s 
egg albumin (average molecular weight, approximately 45,000) and 
crystallized urease (particle weight, 483,000) include certain peculiari- 
ties in the behavior of these two proteins toward sulfhydryl-detecting 
reagents. Solutions of native, recrystallized egg albumin do not respond 
to certain tests for sulfhydryl groups and are notably inert toward por- 
phyrindin; after denaturation of the albumin with guanidine hydrochloride 
(2), the thiol groups are readily titratable with porphyrindin or ferri- 
cyanide (3). Urease, on the other hand, appears to contain substituent 
sulfhydryl groups which continue to respond to the nitroprusside test 
after repeated recrystallization of this protein-enzyme (4). The reactive 
sulfhydryl groups so detectable were reported by us (1) to be titratable 
with porphyrindin without loss in the enzymatic activity; however, a treat- 
ment of the urease with guanidine hydrochloride was accompanied by enzy- 
matic inactivation and the appearance of several times the quantity of 
chemically reactive reducing groups originally titratable. The elucidation 
of these effects has been assisted by quantitative studies now to be de- 
scribed. 

Urease with Standard p-Chloromercuribenzoate—Mercaptide-forming re- 


* This investigation was supported in part by an allotment under the Rocke- 
feller Foundation Fluid Research Fund. An abbreviated version was presented before 
the American Society of Biological Chemists at Chicago, April, 1941. 

+t Henry Strong Denison Scholar for 1940-41. 
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agents, such as phenylmercuric hydroxide and its derivatives, have been of 
exceptional service in this laboratory (5) in the study of certain of the sulf- 
hydryl enzymes,' namely urease, succinic dehydrogenase,’ an enzyme of 
papaya (6), and one or more catalysts in the glycolytic mechanism (7), 
including possibly triose phosphate dehydrogenase (8). For quantitative 
studies, p-chloromercuribenzoic acid, Cl—Hg—C,H,—COOH, isavailable 
as a standard reagent. When solutions of urease, sufficiently concentrated 
and purified, are treated with this reagent (e.g., as the 0.001 m sodium salt) 
and the effect upon the ureolytic activity ascertained, there are disclosed 
significant facts bearing upon the protein thiol groups in relation to re- 
versible enzymatic inactivation. The procedure is detailed in the experi- 
mental part; it amounts to a series of discontinuous titrations of the buffered 
enzyme, with activity as the “end-point.”” Under the test conditions, the 
activity is directly proportional to the concentration of the enzyme. 

For facility of comparison, the measures of unitage employed by Sumner 
(9-11) are used. 1 gm. of urease is taken as equivalent to 130,000 units. 
Urease has been recrystallized to an activity not exceeding approximately 
133,000 units per gm. (10). Elementary analyses have been made upon 
this material, which, however, is not necessarily a completely ‘‘pure” 
protein (11). Urease possessing an activity of 100,000 units per gm. may 
be crystallized (9), and such material, or enzyme of somewhat lower purity, 
was found suitable for all of the purposes of this investigation except, 
perhaps, the determination of the total sulfhydryl content of the guanidine 
hydrochloride-denatured enzyme. It was found inadvisable here to at- 
tempt the laborious and somewhat uncertain (11) preparation of large 
quantities of purer material with the source material at present available.* 

The inactivation curves based upon the use of 0.001 m p-chloromercuri- 
benzoate are illustrated by Fig. 1. The data refer to Preparations A, B, 
and C of Table I. In general confirmation of the earlier results (1), it is 
seen that a definite amount of the mercury reagent must be added before 
inactivation begins. The inactivation is complete only after a second 
stoichiometrically comparable portion of p-chloromercuribenzoate has been 
used. From a number of determinations of this kind with independent, 
potent preparations of urease (Table‘I), it appears that 2 moles of p- 


! The term refers to those protein-enzymes the activity of which may be modified, 
often reversibly, through certain chemical actions upon their substituent sulfhydryl 
groups. Their characterization from this point of view necessarily involves a variety 
of collateral evidence (1, 5); however, for reasons which appear in this paper and in 
the references cited, we consider the application of organometallic compounds of 
the type, R—Hg—NX, to have been especially and almost uniquely valuable in such 
a characterization. 

? Pohl, H. A., and Hellerman, L., unpublished work. 

>We are grateful to Dr. David B. Sabine, The Arlington Chemical Company, 
for helpful cooperation in the procurement of suitable jack bean meal. 
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chloromercuribenzoate would be required for the inactivation of some 
21,000 to 22,000 gm. of urease, on the basis of the equivalence of 1 gm. to 
130,000 units. From these observations it might be considered that, for 
this amount of the enzyme, the first residue weight of protein sulfhydryl 
to combine is not to be correlated directly with the enzymatic function, 
only the second apparently being so concerned. Observations with other 
reagents later to be described permit an extension of this interpretation. 
For convenience, the two categories of sulfhydryl groups may be designated 
respectively as the a and b groups. The addition of the second equiv- 











TaBLeE I 
Urease Preparations, Gm. of Urease Equivalent to 2 Moles of p-Chloromercuribenzoate 
(‘‘Hg’’) 
Preparation so = | Units per ml. ooktau | be ny 
} eee 
mil. } gm. 
A 99 , 200 2670 1.92 | 21,300 
1.80 | 22,800 
B 105,000 1900 1.40 20 , 900 
1.30 22,400 
C 89,200 , 2810 2.10 | 20, 600 
D 86, 900 2110 1.70 18,400 
E 84,000 2740 2.00 | 21,000 
F 82,000 2810 2.00 21,500 
G 75,300 2470 2.20 17,200 
H 70,700 2050 2.00 15,800 
I 65,000 2640 2.00 20,000 
J 55,000 1950 1.90 | 15,800 
kK 32,000 710 | 1.02 10,800 





*The quantity of ‘‘Hg’”’ solution required for the inactivation of the urease in 
1 ml. of preparation of the unitage and purity given respectively in the third and 
second columns; see the text and the experimental section. 
o 2 X 10° X (units per ml.) 
~ (mil. 0.001 m ‘“Hg’’) X (130,000) 


alent of p-chloromercuribenzoate is accompanied by certain physical 
changes in the reaction mixtures that will require study by ultracen- 
trifugal and other methods. It is to be emphasized that the phenomena 
here described are observed in most clear cut fashion with concentrated 
solutions of sufficiently purified enzyme as shown in Table I; with such 
preparations (Preparations A to F), the “equivalent weight”’ approachess 

‘ It will be interesting to ascertain the equivalent weight with urease of maximum 
purity. However, the trend in Table I suggests that in concentrated solutions of 
highly purified urease (e.g., Preparations A and B) the small amount of extraneous 
protein (denatured, oxidized urease?) has not interfered seriously in the quantita- 
tive processes used. 
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21,000 to 22,000. However, the data with even relatively crude material 
are found to reflect the two-step character of the inactivation, as well as 
the apparent stoichiometric equivalence of the a and b categories. Some- 
what low equivalent weights are obtained, but, nevertheless, the back 
titration curves with standard cysteine’ solutions are found to depict the 
usual reversal of inactivation (Preparation K, Table I; Fig. 2). 

Urease Reducing Groups—The relationship of the a and 6 sulfhydryl 
groups is confirmed by various experiments, presently to be described, 


4 ML. CYSTEINE, 0O.OOIM, 
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Fic. 1. Inactivation curves. See the text, especially ‘Inactivation of urease 
with standard p-chloromercuribenzoate” under the experimental section. O, @, 
and A refer to data for Preparations A, B, and C respectively (Table I). ‘‘Hg”’ 
denotes sodium p-chloromercuribenzoate solution. 

Fic. 2. Inactivation and reactivation of an impure preparation. Preparation K, 
Table I; see the text, especially ‘‘Reactivation with cysteine.’’ O denotes inactiva- 
tion; A, back titration with cysteine. 


with iodoacetamide, porphyrindin, and iodoso compounds. If elementary 
analyses (10) upon highly purified urease are taken to represent the figures 
for the pure enzyme, then it is calculated readily that a total of 8 gm. atoms 


5 These data afford presumptive evidence that the cysteine-(S)-mercury compound 
is even less dissociated than the corresponding protein mercaptide. It is a matter 
of great interest that cysteine not only restores, but, in addition, frequently enhances 
the activity of highly purified preparations (about 10 per cent). The full discussion 
of this phenomenon must await consideration of the réle of the substituent sulf- 
hydryl groups of certain enzymes in the actual catalytic processes concerned. 
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of sulfur would be present in 21,300 gm., a figure close to 21,000 to 22,000. 
If, in addition, it may be assumed that our results from 0-iodosobenzoate 
titrations® of urease denatured by guanidine hydrochloride reflect the total 
sulfhydryl content of the yrease molecule, we would have the following 
relationship. Of the 8 gm. atoms, 5 would represent the total sulfhydryl 
sulfur in which are included the 2 residue weights comprising the a and b 
categories. The number 5 for total sulfhydryl in denatured urease is of 
somewhat uncertain significance, but the recurrence of this value in the 
o-iodosobenzoate titration of different samples of somewhat impure urease, 
and the finding by porphyrindin estimations of 4 to 5 reducing equivalents 
in such samples suggested that we have at least an upper limit for the 
total sulfhydryl content, which appears thus to exceed by a considerable 
margin the 2 atoms of sulfhydryl sulfur detected in the combining unit’ 
by p-chloromercuribenzoate. 

Quantitative Studies with Other Reagents—Urease of the potency and 
purity used in these studies® is not inactivated after being treated with 3 
to 10 equivalents of dilute porphyrindin per minimum combining unit 
(21,300 gm.). However, the dye evidently has reacted with the a group- 
ings, for the enzyme is inactivated quantitatively by the subsequent addi- 
tion of 1 molecular equivalent of p-chloromercuribenzoate, instead of the 2 
required when the mercury reagent is used alone. The activity is re- 
covered as usual when cysteine is added subsequently. Similar results 
are obtained when buffered urease is treated with an equivalent of o-iodoso- 
benzoate. However, if the urease is treated with an excess of concen- 
trated iodoso reagent, the latter appears to attack the b groupings also: 
an inactivation that is only partially reversible occurs. Comparable 
results are obtained with iodoacetamide, the interaction of which under 
suitable conditions with protein sulfhydryl groups appears to be one of 
alkylation in the sense, R—SH + I—CH:—CO(NH:2) — R—S—CH,— 
CO(NH.) + H+ + I. Sufficiently dilute iodoacetamide may attack 
only the a groups, as indicated again by estimation of the amount of 
p-chloromercuribenzoate required for reversible inactivation after the 
action of iodoacetamide has been permitted to take place. With more 
concentrated iodoacetamide (0.05 m), the urease is inactivated directly and 


6See ‘Experimental.’ 

7 On the basis of diffusion rate experiments (12) Hand finds that units of urease 
with particle weight as low as 17,000 may possess ureolytic activity. This result 
cannot now be interpreted in relation to our work; the minimum combining weight 
evaluated in our experiments is close to 21,000 gm. 

* Certain samples of impure urease were found (1) to be inactivated partially 
by relatively large amounts of porphyrindin. However, it appears from the present 
work that urease of an activity of 100,000 units (9-11) per gm. is rather resistant to 
inactivation when treated with even a large excess of this oxidizing agent. 
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irreversibly, as described in the experimental part and in accordance with 
the observations of Smythe (13). These results strikingly illustrate the 
utility of p-chloromercuribenzoate as a diagnostic reagent in connection 
with the urease sulfhydryl groups, and they afford interesting support for 
the differentiation of the a and b categories. — 

Additional observations with various reagents are detailed in the experi- 
mental part. 


DISCUSSION 


This study has presented direct evidence in general support of the cor- 
relation of the control of activity of certain enzymes through reversible 
chemical processes and the réle of specific protein sulfhydryl groupings. 
The approach has been more quantitative than has hitherto been possible. 
The work has involved a critical examination of the effect of various 
reagents upon urease, which, thanks to the efforts of Sumner and his stu- 
dents, is the sulfhydryl protein-enzyme at present most readily available 
in a purified state. A careful choice had to be made of reagents suited 
to the study; these have included (1) organic mercaptide-forming salts, 
(2) oxidizing agents, in particular porphyrexides, a porphyrindin, and 
o- and p-iodosobenzoates, and (3) an alkylating reagent, iodoacetamide. 
The results bear upon the factors controlling the reactivity of certain 
protein groupings. 

For example, the apparent differences in chemical reactivity among the 
urease sulfhydryl groups suggest functional differences. It has seemed 
not implausible that the a category of groupings most readily attacked 
by dilute solutions of porphyrindin, o-iodosobenzoate, and iodoacetamide 
may be substituted close to the “surface” of the protein molecule, being 
thus readily available to the action of these reagents; the b category, which 
would seem to be concerned more directly with control of enzyme activity 
(and possibly also with the mechanism of the catalysis), is protected to an 
important degree from the action even of powerful oxidizing agents. Re- 
versible enzymatic inactivation is secured only after 2 residue weights of 
—SH for approximately 21,300 gm. of protein have interacted with p- 
chloromercuribenzoate, under proper conditions, or with certain oxidizing 
or alkylating reagents followed by 1 equivalent of the mercuribenzoate. 
Beyond the first 2 —SH residue weights are the additional potentially 
reducing groups, revealed by assays for total sulfhydryl in denatured urease. 
The observation of these relations depends upon a careful control of experi- 
mental conditions, as detailed in the experimental part. Such differences 
in thiol reactivity are remindful of the variations in the properties of the 
pepsin protein amino groups, so clearly demonstrated by Northrop and 


his collaborators (14). 
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A certain unpredictability in the behavior of sulfhydryl enzymes toward 
various reagents has introduced confusion in several aspects of the subject. 
For example, the seeming inertness (on the basis of activity measurements 
as sole criterion) of highly purified urease toward diluted porphyrindin, 
iodoacetamide, and ferricyanide ion is highly contradictory to other evi- 
dence if consideration of the quantitative and structural matters discussed 
in this paper is neglected. Such difficulties as those considered by Berg- 
mann and his collaborators (15) in connection with the applicability of the 
sulfhydryl theory to the activation of enzymatic constituents of crude 
papain which promote the hydrolysis of certain synthetic substrates (e.g., 
benzoyl-l-argininamide) may not be particularly apposite to the present 
discussion. It may be recalled that the papain constituent that has been 
crystallized (16) by Balls and Lineweaver and named by them crystalline 
papain has been found to function as catalyst in the hydrolysis of hemo- 
globin apparently quite without benefit of any external activator or co- 
enzyme, and indeed to remain partially active in the presence of por- 
phyrindin, a reagent known to oxidize cysteine and HS—glutathione. 
That crystallized papain is rather resistant to the action of porphyrindin 
(which conceivably might be held immobilized upon the protein surface) 
and nevertheless appears to be inactivated by 1 molecular equivalent of 
iodoacetate ion (17) may reflect merely the relative structural availability 
(1) of that sulfhydryl grouping, which in papain has been correlated with 
inactivation, toward these two reagents under the conditions used. 

In crystallized albumin of hen’s eggs, the sulfhydryl groups appear to 
be even less reactive or available. However, the results from Anson’s 
extensive experimentation (3) give warning that we may be dealing here 
merely with marked differences in degree. Anson has shown that certain 
reagents (e.g., iodine with potassium iodide at pH 7) can oxidize sulfhydryl 
groups of native egg albumin seemingly without denaturation. It may 
be pointed out, in this connection, that with iodine (plus iodide ion), or 
with oxygen in the presence of a trace of cupric ion, it has been found 
possible to secure inactivations of urease and of papain (5) that have been 
more or less reversible. Moreover, in the present investigation, with 
o-iodosobenzoate there again have been observed inactivations of urease 
that usually were partially reversible and occasionally were extensively so. 
There is little question, however, that significant differences exist in the 
behavior of the thiol groups of urease and of egg albumin. For present 
purposes it may be concluded that these egg albumins contain no 
reactive, surface-substituted thiol groups comparable with the urease a 
groups. However, the destruction of the integrity of the surface of either 
protein, by the action of concentrated guanidine hydrochloride or by 
other appropriate means, makes readily available to the action of most 
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reagents that interact with cysteine sulfhydryl those reducing groups 
which, in the intact molecule, are “‘protected”’ to a greater or less degree. 


EXPERIMENTAL 


Quantitative Studies of Purified Urease with p-Chloromercuribenzoate 


Preparation of Urease—The methods of crystallization used were those 
of Sumner and his collaborators (9-11), or modifications of these. Large 
quantities of the enzyme were required, for the isolation of which the qual- 
ity of jack bean meal available on the market was not always suitable. 
The purification of sufficient urease constituted a troublesome problem, 
involving often repeated recrystallizations, with routine assays of ureolytic 
activity and micro-Kjeldahl determinations of protein and non-protein 
nitrogen upon the fractions. In one of the more favorable preparations, 
800 gm. of jack bean meal, the activity of which had been found to be 
200,000 units per kilo, were divided into 200 gm. portions, and each portion 
in succession was extracted at room temperature (22°) for 10 minutes, with 
the aid of constant, gentle stirring, in | liter of 31.5 per cent acetone 
(analytical reagent; found by test to be aldehyde-free). The mixture 
was filtered with suction on a single thickness of filter paper (Whatman, 
No. 41) in a Buchner funnel until the residue was practically dry, no air 
being drawn through during the process. The volume of filtrate from each 
200 gm. portion (approximately 800 ml.) was made up to 950 ml. by the 
addition of pure acetone. The resulting cloudy solution was allowed to 
stand overnight at 0°, after which it was centrifuged in the cold room. 
The supernatant liquid had an activity of less than 1 unit per ml. and was 
discarded. The precipitates were pooled, and treated with 10 ml. of 
redistilled water. After being stirred, this mixture was centrifuged, leaving 
7 mi. of supernatant having an activity of 200 units per ml. ‘The residue 
was treated with 20 ml. of water, allowed to stand for some hours, during 
which the mixture was stirred occasionally, and then centrifuged. There 
were Obtained 39 ml. of supernatant liquid of ureolytic activity, 1000 units 
per ml. For crystallization, there were added to the supernatant 5 ml. 
of phosphate buffer (Buffer A, 53.05 ml. of m NaOH and 125.0 ml. of M 
KH.PO,, made to 250 ml. with redistilled water; at pH 7 when diluted 
1:10), in order to have buffered enzyme solution of pH 7, and then 22 ml. 
of pure acetone. After this mixture stood overnight at 0°, it was centri- 
fuged and the solid extracted with water, giving 21.5 ml. of urease solution, 
activity 1460 units per ml. A further reprecipitation and re-solution of 
the solid in water yielded 5 ml. of solution having activity of 2470 units 
per ml. and per gm. of protein 75,300 units, with negligible non-protein 
nitrogen. Any urease-rich residues from the above operations were treated 
further in similar fashion. A final recrystallization of material of purity 
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of 72,000 to 75,000 units per gm. of protein was effected by the addition to 
the concentrated, chilled urease solution of enough pure acetoneto make 
the solution 31 per cent with respect to acetone, followed by the dropwise 
addition of chilled, concentrated phosphate buffer (pH 7) until there was 
a faint, permanent turbidity, after which the solution remained at 0° 
for 15 hours. The crystals that had formed were collected at the centrifuge 
and dissolved in water to give a product having an activity of 1900 units 
per ml. and 105,000 units per gm. of protein. 

In this run, there were recovered from 160,000 units in the jack bean 
taken 94,000 units, accounted for as highly purified urease, as concentrated 
urease solutions of lesser purity, and as dilute solutions: Some of the 
runs were less successful, and some commercial offerings of jack bean flour 
were such that numerous laborious reprecipitations and recrystallizations 
were required for the production of very small amounts of good urease. 
The pH number of our filtrates from the initial jack bean extractions was 
close to 7; in reerystallizations, we buffered the solutions to pH 7, at which 
there appeared to be less denaturation and inactivation than in more acid 
regions. Purified urease solutions remained at 1-5° for several weeks 
without diminution in the activity. 

Estimation of Activity—Ureolytice activity was determined in reaction 
mixtures of pH 7 at 20.0°, as described by Sumner (9-11). The ammonia 
formed by hydrolysis of urea was estimated by means of aeration for 30 
minutes into 0.02 N hydrochloric acid, the excess acid being titrated in 
CO--free air with chlor-phenol red as indicator. 

Standard Sodium  p-Chloromercuribenzoate Solution—p-Chloromercuri- 
benzoic acid, Cl—Hg—C,H,—COOH, was prepared by means of the 
oxidation of p-tolylmercuric chloride with alkaline potassium permanganate 
(18). The well washed product was dried and analyzed (calculated for 
C;H,O.ClHg, Hg 56.2; found, Hg 56.0, 56.4 per cent). For the prepara- 
tion of standard solutions of the sodium salt, an exactly weighed portion 
of the powdered acid was dissolved in a slight excess of N NaOH followed 
by dilution to volume. The calculated molarity of solutions so prepared 
agreed satisfactorily with the results of iodometric determinations based 
upon the reaction represented by Cl—Hg—CsH,—COO- + I, + 3I-— 
I—C,H,—COo- + Hegel + Cr. 

Inactivation of Urease with Standard p-Chloromercuribenzoate—Urease 
solution (0.100 or 0.200 ml.) was introduced into a dry flask. To this 
was added phosphate buffer of pH 7 (Buffer A, 1:10, preparation of urease), 
usually 2.00 ml., followed by an exactly measured quantity of 0.001 m 
p-chloromercuribenzoate. The homogeneous mixture was allowed to 
stand at 20.0° for at least 10 minutes, after which the determination of 
ureolytic activity was carried out with the use of the usual urea-phosphate 
reaction mixture. 
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In the case of each independent preparation of purified urease, a suffi- 
cient number of such determinations, with appropriate variation in the 
amount of p-chloromercuribenzoate added, was accomplished to secure a 
quantitative delineation of the inactivation relationship (cf. Fig. 1). The 
results are calculated to and expressed in terms of units of urease activity 
found per ml. of urease taken. Such data are given in Table II for Prepa- 


TaB_e II 
Inactivation of Urease with Standard Sodium p-Chloromercuribenzoate* 
Preparation A, crystalline urease, 99,200 units per gm. of protein (micro-Kjel- 
dahl; N in urease taken as 16.0 per cent (10).) The units per ml.t were 2670. In 
each determination 0.100 ml. of urease and 2.00 ml. of Buffer A (1:10) were used; 
see the text. 


0.001 m p-chloromercuribenzoate added to 0.100 ml. urease in each 
determination 


0.000 0.050 0.100 0.120 0.150 0.170 0.200 0.300 

ml. ml. ml. ml. ml. ml. ml. ml. 

unils unils wunils unils unils unils unils unils 
Activity per ml. urease 2670 + =2690 2440 2010 1280 610 60 20 

* As illustrated in Fig. 1, the results may be plotted with units per ml. found as 
ordinate and ml. of 0.001 m p-chloromercuribenzoate per ml. of urease as abscissa. 
From such a plot of the above data, the “equivalent weight’ of urease may be 
evaluated as follows: Urease, 1 gm. taken <= 130,000 units. Then if in 2670 units 
of urease, a = 6 groups = 0.96 ml. of 0.001 m p-chloromercuribenzoate, gm. of urease 
< 1 mole of the mercuribenzoate for each category would be 21,300; if a = b groups 
<= 0.90 ml., gm. of urease = 1 mole would be 22,800; see also the calculation in Table 
I. Redeterminations of the ‘“‘titration curve’’ gave consistent results. A third 
determination was conducted upon Preparation A 1 week later than the first two. 
The initial activities found were, respectively, 2670, 2690, 2690. 

+ With solutions of crystalline or highly purified urease the stoichiometric rela- 
tions in the p-chloromercuribenzoate determination are not substantially altered 
when the urease concentration is changed. Thus, when 0.050 ml. of urease was 
substituted for 0.100 ml. in this series of tests, the activity found per ml. of urease 
was 2680 units, and there was determined a = 6 groups = 1.00 ml. of 0.001 m mercuri- 


benzoate reagent. 


ration A. The results with eleven different preparations of urease of 
varying purity and potency are summarized in Table I. 

Reactivation with Cysteine—Cysteine hydrochloride, after being dried 
in a vacuum desiccator containing beakers of phosphorus pentoxide and 
flaked sodium hydroxide, usually is found to give slightly high values for 
sulfhydryl sulfur. For reactivation experiments, the dried salt may be 
made to approximately 0.002 M in air-freed water, and then analyzed by 
the iodoso method (19). Any addition of this solution to p-chloromercuri- 
benzoate-treated urease is accompanied by the addition of an equivalent 
amount of sodium carbonate. 
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The addition to buffered, mercuribenzoate-inactivated urease solution 
of cysteine, equivalent to or in excess of the amount of mercuribenzoate 
added after the addition of the initial, non-inactivating portion (= a) of 
the latter reagent, resulted in the restoration of the ureolytic activity. 
If the enzyme-mercury combination (e.g., for b groups) is designated as 
En—S—Hg—C,H.—COO-, the over-all process may be represented by 
the equation 

H 
En—S—Hg—C.H,—COO- + OOC—C—CH;—SH = eas 


+NH; 
H 
En—SH + ~OOC—C—CH.—S—Hg—C,H,—COO0O- 


+NH; 


Any excess mercuribenzoate reagent in the reaction mixture would also 
combine with cysteine to yield the last designated compound (mercaptide 
salt). Reactivation by the action of cysteine upon urease inactivated with 
p-chloromercuribenzoate was secured without exception, complete restora- 
tion of activity being observed. Frequently the activity was slightly 
greater than the initial. Even impure urease of sufficient potency could 
be titrated back, as shown in Fig. 2. For this determination, a series of 
buffered mixtures containing 0.100 ml. of Preparation K and 0.100 ml. 
of 0.001 mM mercuribenzoate was treated with 0.001 Mm cysteine hydro- 
chloride in amounts varying from 0.005 to 0.100 ml. Apparently the 
protein impurities in such material as Preparation K cause distortion in 
the stoichiometry involved in the urease-mercury relationship. 

Effect of Sodium o-Hydroxymercuribenzoate—o-Hydroxymercuribenzoic 
“anhydride” was prepared (20) by mercuration of benzoic acid with mercuric 
acetate. A solution of the sodium salt was desired in order that the action 
of the ortho-substituted compound upon urease might be compared with 
that of p-chloromercuribenzoate. A titration curve was constructed upon 
Preparation E, with the use of the o-mercuribenzoate, and was found to 
be substantially the same as that given with p-chloromercuribenzoate 
(Table I). Cysteine reactivation also was demonstrated. The two 
mercury compounds display no observable differences in their interaction 
with the a and 6 sulfhydryl groups of the urease molecule. 


Quantitative Studies with Porphyrindin, Iodosobenzoates, lodoacetamide, and 
Certain Other Reagents 

Porphyrindin—Because the synthesis of porphyrindin (21, 22) is some- 

what troublesome (23) and its solutions are decidedly unstable, this reagent 

is often inferior in usefulness to iodine, ferricyanide, and especially o-iodoso- 
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benzoate (19). In our view, its almost unique value lies in its selective 
action with respect to certain categories of protein sulfhydryl groups. 
There is no observable action with recrystallized, native hen’s egg albumin, 
and any action with the sulfhydryl of crystalline papain would appear to 
be slow and incomplete (16, 17). On the other hand, in the case of purified 
urease, a portion of the sulfhydryl content (the a groups) is highly sensitive, 
being substituted apparently near or at the protein surface; this fraction 
is oxidized rapidly by porphyrindin, which, however, even in excess does not 
extensively attack the b groups with accompanying enzymatic inactivation. 

Treatment with Porphyrindin; Subsequent Titration with p-Chloromercuri- 
benzoate—Porphyrindin may be kept for a long period as the solid sub- 
stance at 0-10° in a desiccator charged with calcium chloride. For the 


TasBie III 
Purified Urease with Porphyrindin 
Preparation A, urease, 0.100 ml.; Buffer A, pH 7. Porphyrindin, 0.001 N; p- 
chloromercuribenzoate, 0.001 M. 


Porphyrindin, mil....... 0.00 0.088 0.176 | 0.528% 0.075 0.075 0.075 0.075 


p-Chloromercuribenzoate 
after porphyrindin, mi. 


0.090 0.050 0.070 0.100 


unils units unils units unils unils units unils unils 


Activity per ml. 
urease.... 2670 2670 2430 2330 2670 2640 2250 1330 890T 


* The blue color of the porphyrindin persisted even after the termination of the 
digestion period in urea-phosphate. 
ft Control, cysteine (0.001 m) 0.2 ml. after porphyrindin and p-chloromercuri- 


benzoate, 2580. 


following experiments, a solution was freshly prepared by dissolving 0.020 
gm. in 100 ml. of ice water. The blue solution was standardized imme- 
diately before and after each experiment by titration against 0.001 N 
ascorbic acid which had been assayed iodometrically. The ascorbic acid 
was titrated into iodine formed by the addition of standard iodate to 
excess sodium iodide and hydrochloric acid. 

To urease-buffer mixtures in a graded series were added varying amounts 
of porphyrindin. As shown by the data of Table III, the enzyme was 
not inactivated extensively even by a large excess of this oxidizing agent. 
The addition of p-chloromercuribenzoate to urease to which had been 
added porphyrindin equivalent to three-fourths of the a fraction is seen 
to have produced close to the calculated effect. With cysteine there was 
obtained the usual reactivation. 

With various other preparations of highly purified urease, it was ob- 
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served? that marked inactivation was not obtained when there was added 
porphyrindin equivalent to the sum of the a and 6 groups, or in excess 
thereof, and the subsequent addition of p-chloromercuribenzoate in an 
amount equivalent only to a (= b) did produce inactivation, reversible by 
the action of cysteine. 

Effect of an Analogue of Porphyrexide—This analogue possessing the 
structure 


H, He, O 

c—C N 
/ heads He ce H 

C 

> 4 \N NH 

c—C Cc 

H, H, | 

NH 

had been synthesized in the course of work, as yet unpublished, by C. C. 
Porter and one of us (L. H.) in an effort both to test the generality of the 
Piloty synthesis and to make available compounds useful in certain studies 
of proteins. The substance is more stable than porphyrexide; its solutions 
are evaluated iodometrically. When buffered urease (Preparation A) was 
treated with this powerful oxidizing agent (Ej at pH 7 = 0.690) in 1 to 5 
equivalents with respect to the a fraction, the full initial enzymatic activity 
was retained. The subsequent addition of 1 equivalent of p-chloromercuri- 
benzoate resulted only in partial inactivation, but we have independent 
evidence that the porphyrexides may combine with certain heavy metal 
compounds. 

Effect of Sodium o-Iodosobenzoate—The utility of this reagent in the 
estimation of substances of the cysteine type has been demonstrated (19). 
Its applicability in assays of certain protein sulfhydryl groupings will be 
treated presently, and it will be shown that those reactive protein groups 
that are detectable readily by means of nitroprusside or porphyrindin may 
be expected also to react rapidly at pH 7 with iodosobenzoate, undergoing 
oxidation to the dithio state. 

The behavior of potent, purified urease in the presence of dilute o-iodoso- 
benzoate was decidedly clear cut. Of Preparation A, 0.100 ml. was treated 
with 2.00 ml. of Buffer A (pH 7) and 0.2 or 0.4 ml. of 0.001 Nn sodium o0-iodo- 
sobenzoate solution. The mixture was allowed to stand at 37° for 2 hours, 
after which the ureolytic activity was determined and found to be the 
same as the initial activity; namely, 2690 units per ml. of urease. The 
addition of only 0.100 ml. of p-chloromercuribenzoate solution to iodoso- 


* Dr. Sidney Goren kindly conducted some of these experiments. 
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treated urease (with 0.2 or 0.4 ml. of iodoso reagent) resulted in the com- 
plete abolishment of the enzymatic activity. 

It was concluded that under these conditions the effect of iodosoben- 
zoate, even in excess, was to oxidize only the a sulfhydryl groups. A 
number of urease preparations were tested as described above. 

Effect of p-Iodosobenzoate—Entirely similar results were obtained by 
treatment of this urease at pH 7 with standardized solutions prepared 
from p-iodosobenzoic acid (24). 

Inactivation in More Concentrated Solutions—When 0-iodosobenzoate was 
added to portions of Preparation A as well as to several other preparations 
listed in Table I, the reaction mixtures being kept more concentrated (total 
volume of urease, buffer, and iodosobenzoate of the order of 0.4 to 0.8 ml.), 
a partial inactivation of the urease was observed. The activity could be 
restored to some extent by the action of cysteine, but these reactivations 
were infrequently extensive. The results of rate studies, which need not 
be presented in detail here, suggested forcibly that the irreversible action, 
under these conditions, of excess (5 to 10 equivalents) iodoso reagent may 
be a slow process requiring 5 to 12 hours for completion and coinciding with 
a denaturation of the urease protein. 

Effect of Iodoacetamide—This reagent was prepared in acetone solution 
by the interaction of chloroacetamide and sodium iodide. It was recrys- 
tallized from water until pure (3). Dilute aqueous solutions of iodoacet- 
amide were found to be rather stable. No silver iodide was obtained when 
a solution was treated with silver nitrate and dilute nitric acid and boiled 
for 4 minute. Iodide ion was obtained, however, when the solution was 
treated briefly with hot sodium hydroxide. Iodoacetamide was considered 
to be an especially valuable reagent in the present investigation, since it 
is known to alkylate mercapto compounds rather rapidly. Effects of the 
iodoacetate derivatives upon certain protein groupings other than —SH 
most probably are slower. 

Mixtures consisting of urease (Preparation A), 0.100 ml., Buffer A 
(pH 7), 1.00 ml., and iodoacetamide (0.001 m), 0.400 ml., were kept at 37° 
for 2 hours; activity, 2700 units per ml. of urease; initial activity, 2700. 
After the subsequent addition of 0.050 ml. of p-chloromercuribenzoate, the 
activity was 1500 units, and after 0.100 ml. it was 60. 

After treatment of 0.100 ml. of Preparation A (buffered at pH 7) with 
only 0.100 ml. of iodoacetamide (0.001 m) at 37° for 2 hours, the activity 
was found to be 2600 units per ml. of urease; the subsequent addition to 
such a mixture of 0.100 ml. of p-chloromercuribenzoate (0.001 m) effected 
a reduction in the activity to 100 units per ml.; treatment of 0.100 ml. of 
urease with 0.050 ml. of the iodoacetamide in the same way, followed by 
the addition of 0.150 ml. of the mercury reagent, was found to have brought 
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the activity to 100 units per ml. of urease. Complete restoration of the 
activity was accomplished with the use of cysteine. When to 0.100 ml. 
of urease were added 0.100 ml. of iodoacetamide and immediately thereafter 
0.100 ml. of the mercury reagent, the activity remained at 2600 units. 

Entirely consistent data were obtained in similar experiments with 
Preparations E and I. 

It may be concluded, therefore, that under the conditions the a groups 
of urease of the purity cited are slowly and completely acted upon in the 
presence of 1 equivalent of iodoacetamide, and that a 3-fold excess of the 
latter reagent does not noticeably attack the b groups. 

When, however, the iodoacetamide in considerable excess is permitted to 
act in more concentrated solutions (e.g., 0.025 m), the effect is more drastic, 
enzymatic inactivation taking place increasingly even at room temperature. 
The following is illustrative and typical. Of Preparation I (2650 units 
per ml.), 0.100 ml. was treated with 1 ml. of Buffer A and 0.200 ml. of 
0.001 m iodoacetamide. The mixture was allowed to stand 2 hours at 
37°, after which a test showed that the activity was unchanged; the addi- 
tion to such treated urease of 0.110 ml. of 0.001 m p-chloromercuribenzoate 
caused a decrease to 100 units per ml. However, in a similar test in which 
0.1 ml. of 10 per cent iodoacetamide was used, the activity after 1 hour 
at 30° was found to be 1280 units per ml. of urease. 

Under the latter conditions, the b groupings presumably were also 
attacked. 

Effect of Certain Other Reagents—Treatment of portions of purified 
urease, suitably buffered at pH 7, with cystine or with dithiodiglycolic 
acid, (HOOC—CH:,—S—)s, resulted in no loss in activity. 

These results appear to be entirely consistent with the concept of dif- 
ferentiation in the activity and availability to the action of certain reagents 
of the a and b groupings. The a groups might have been oxidized to some 
extent. 

The action upon the a groups of ferricyanide ion (= a = b groups) 
under the usual conditions was found to be decidedly slow (p-chloro- 
mercuribenzoate technique). In harmony with previous observations (5) 
with this ion, no inactivation was observed. 


Estimation of Reducing Groups of Denatured Urease and Egg Albumin; 
Applicability of o-Todosobenzoate 


Guanidine Hydrochloride-Denatured Egg Albumin with Oxidizing Reagents. 
Introduction—In recent papers Greenstein (2) and Anson (3) have 
considered in detail the subject of estimation of the reducing groups 
of denatured sulfhydryl proteins. Greenstein has extensively treated 
the method which involves the titration of guanidine hydrochloride- 
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denatured protein with porphyrindin. Anson has studied carefully 
methods concerned with the use of various denaturants, including 
certain useful detergents, and the applicability of ferricyanides and of 
iodine. Because porphyrindin is not a specific reagent and possesses some 
oxidative activity with respect to free and combined tyrosine, Barron et al. 
(25) have cautioned concerning its use in testing for sulfhydryl groups in 
proteins. For the same reason its use as a titrimetric reagent with proteins 
has been criticized (26). However, Greenstein and Jenrette (2) have 
shown how this objection may be met substantially in quantitative work; 
they have indicated also that there is rather good agreement in the results 
of estimations of the sulfhydryl groups of denatured egg albumin with a 
wide variety of reagents. As stated earlier, we have found porphyrindin 
to be of special utility as an aid in the differentiation of the reactive a and 
the 6 fractions in active urease. It has been used also in the estimation of 
the total reducing groups of denatured urease (see below). 

For the purposes of this investigation, we wished to have in hand for 
the estimation of protein sulfhydryl groups a less unstable oxidizing reagent 
well adapted to use in a method possessing satisfactory precision. Such 
a reagent was found in o-iodosobenzoic acid. We already (19) have 
demonstrated the value of this substance in the estimation of cysteine, 
and have discussed in this paper a specific application with urease. We 
cite now some data which indicate the character of results obtained with 
denatured egg albumin. 

Procedure—Hen’s egg albumin was prepared by the method of Kekwick 
and Cannan (27). It was recrystallized three times, dissolved in water, 
and dialyzed against redistilled water until sulfate-free. The protein con- 
tent was estimated by means of micro-Kjeldahl determinations, the ratio 
of albumin to nitrogen being taken as 6.45. The perfectly clear solutions 
were negative to nitroprusside and did not decolorize porphyrindin. 

The sulfhydryl content of denatured albumin was estimated as follows: 
Mixtures each consisting of 1.00 ml. of egg albumin (3.59 per cent), 2.0 ml. 
of m phosphate buffer (pH 7), and 2.0 gm. of pure guanidine hydrochloride 
were allowed to stand under nitrogen at 22-30° for 30 minutes. Each 
mixture then was treated with 20.00 ml. of sodium o0-iodosobenzoate 
(0.001634 N) and allowed to stand 2 minutes, after which there was added 
a freshly prepared solution of 1.0 gm. of sodium or potassium iodide in 
5.0 ml. of n hydrochloric acid, and the iodine was titrated with 0.001764 N 
sodium thiosulfate. In four independent determinations, the thiosulfate 
required was 16.32, 16.38, 16.32, and 16.38 ml. The data indicate 1 
reducing equivalent per 9000 gm. of protein, or 5 equivalents (= 5 residue 
weights of —SH) per 45,000 gm., a figure that has been found to be close 
to the average molecular weight of the albumin (28). The reducing 
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capacity of the denatured albumin may be calculated in terms of cysteine; 
found, 1.29 per cent “cysteine.”” Determinations were made upon three 
different preparations of crystallized egg albumin denatured with guanidine 
hydrochloride; the reducing capacity of each was found to be close to the 
result cited. 

It has been found advisable (cf. (19)) to carry out the estimations with 
iodoso reagent upon a series of the protein denaturation mixtures, varying 
amounts of 0-iodosobenzoate being used in order to determine a minimum 
workable excess of the oxidizing agent. The volumes are kept the same 
in all determinations. From the data, an essentially linear curve may be 
constructed, suitable extrapolation permitting evaluation of the protein 
—SH content. 

Inasmuch as the step in the analytical procedure following the addition 
of o-iodosobenzoate involves the reduction of excess oxidizing reagent with 
acidified iodide and the iodine formed would itself oxidize protein sulf- 
hydryl, if present, it was necessary to demonstrate, as was done in the 
case of cysteine (19), that the oxidation of the sulfhydryl groupings actually 
was accomplished by o-iodosobenzoate before the addition of iodide. This 
was proved conclusively as follows: Samples of albumin, denatured as de- 
scribed above, were found to give vivid nitroprusside tests and also readily 
to decolorize 0.001 N porphyrindin. However, after such preparations were 
treated at pH 7 with excess o-iodosobenzoate solution in the manner de- 
scribed, they were found to be nitroprusside-negative, and to possess no 
further reducing action with respect to added porphyrindin. Entirely 
concordant results were obtained in parallel tests with cysteine in place 
of the denatured protein.” 

Iodosobenzoate Method Applied to Reduced Glutathione—(See also (19)). 
The following is representative of a number of determinations upon dif- 
ferent high grade samples of HS—glutathione. Each of four 10.00 ml. 
portions of glutathione solution was treated with m sodium phosphate of 
pH 7 and 20.00 ml. of o-iodosobenzoate, 0.001643 N; after } minute, acidi- 
fied sodium iodide was added. The ml. of 0.001749 n thiosulfate required 
were (1) 6.310, (2) 6.300, (3) 6.305, (4) 6.300, giving the normality of the 
HS—glutathione solution 0.002980; normality, by weight, 0.00295; by 
direct iodometric titration in acidified iodide solution, 0.00281. 

Iodosobenzoate and Amino Acids—The following amino acids (in solu- 
tions or suspensions corresponding to 0.01 m) were found to be unaffected 
by o-iodosobenzoate in phosphate at pH 7 under the conditions described 
for the estimation of the substituent sulfhydryl groups of denatured albu- 
min: tyrosine, cystine, tryptophane, proline, methionine, serine, and argi- 


10 Dr. Curt C. Porter kindly performed these tests. 











460 REVERSIBLE INACTIVATION OF UREASE 


nine. This experimentation disclosed the necessity of adding acidified 
iodide after the antecedent action of the iodoso reagent upon protein. 
If neutral iodide is added before acidification, the iodine formed by the 
oxidizing action of excess 0-iodosobenzoate may form with tryptophane 
at pH 7 the wine-colored derivative; if acid is added before iodide, cystine 
and methionine begin to be oxidized by the acidified 0-iodosobenzoate; 
difficulties are obviated by the use of freshly acidified alkali iodide. 

Non-interference by sensitive amino acids does not guarantee lack of 
reactivity of o-iodosobenzoate with combined amino acids (other than cys- 
teine) in proteins. However, there is significant increase in the degree of 
probability that the only reducing groups estimated are the sulfhydryl. 

Estimation of Total Sulfhydryl Content of Denatured Urease—(1) Of 
Preparation B (Table I) each of two 0.500 ml. portions was treated with 
water, 1.5 ml., m sodium phosphate buffer of pH 7, 0.5 ml., and pure 
guanidine hydrochloride, 1.0 gm. The mixtures were allowed to stand at 
room temperature under nitrogen for } hour. To each were added 3.000 
ml. of 0.002072 n o-iodosobenzoate ; after 2 minutes there was added 0.5 gm. 
of potassium iodide dissolved in 3.0 ml. of N hydrochloric acid, and the 
iodine was titrated with 0.001826 Nn thiosulfate; thiosulfate required, 2.450, 
2.490 ml. 

On the assumption that 130,000 units = 1.0 gm. of urease and that 
extraneous protein in Preparation B (1900 units per ml.) does not contain 
reducing material, the data give for the reducing equivalents (= residue 
weights of —SH) in 21,300 gm. of urease, 4.8 and 5.0. 

(2) Three 1.000 ml. portions of denatured urease of Preparation C (2815 
units per ml.) were found equivalent to the following quantities of N 
o-iodosobenzoate: (a) 0.00504, (b) 0.00505, (c) 0.00502 ml. (With 1 ml. 
quantities of this potent urease, the reproducibility in the results was ex- 
cellent.) 

The data give for gm. of urease containing the equivalent of 1 —SH 
residue weight, 4300 gm.; accordingly, there are 5 reducing equivalents 
(= residue weights of —SH) in 21,300 gm. of urease. 

For the reasons cited earlier, the number 5 probably must be considered 
no more than an upper limit for the total sulfhydryl content, notwith- 
standing the recurrence of this figure in analyses of three different urease 
preparations. 

In the estimation of the reducing capacity of 0.5 to 1.0 ml. portions of 
denatured urease, porphyrindin was found inferior to o-iodosobenzoate, 
particularly in respect to precision and reproducibility of results. How- 
ever, the order of magnitude of the reducing equivalents found was the 
same; found, 4 to 4.5 equivalents per 21,300 gm. of urease. 
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SUMMARY 


1. Evidence of a quantitative nature is presented which bears upon 
the réle of certain of the protein sulfhydryl groups in relation to the control 
of the activity of urease, a sulfhydryl enzyme. It has been shown that 
suitable treatment of urease having an activity of approximately 2500 units 
per ml. and 100,000 units per gm. with standard p-chloromercuribenzoate 
solution, corresponding to 2 moles of the mercuribenzoate for close to 
21,300 gm. of this protein-enzyme, results in enzymatic inactivation. The 
inactivation is fully reversed with cysteine. Addition of the Ist mole 
involves no decrease in catalytic activity; addition of the 2nd is accom- 
panied by its abolishment. Of the 2 residue weights of protein sulfhydryl 
which must be “removed” for completion of the inactivation, the first 
may be acted upon not alone by p-chloromercuribenzoate (or other suitable 
organometallic compounds) but alternatively by means of appropriate 
treatment with iodoacetamide, porphyrindin, or 0-iodosobenzoate ; the sub- 
sequent addition of but 1 mole of mercuribenzoate is then accompanied 
by reversible inactivation. These 2 sulfhydryl residue weights have been 
differentiated somewhat tentatively into categories, designated for con- 
venience as (1) the a groupings, possibly surface-substituted and thus 
immediately available to the actign of nitroprusside, mercaptide-forming 
metallic compounds, iodoacetamide, and certain oxidizing agents, and 
(2) the b groupings, still capable of rather rapid interaction with p- or 
o-mercuribenzoate to form, presumably, slightly dissociated mercaptide 
linkages, but relatively less available to the action of certain other reagents, 
whether for structural or other reasons. On this basis, the b groupings 
appear to be more directly concerned with the enzymatic activity. The 
b groupings are attacked by concentrated solutions of iodosobenzoate and 
iodoacetamide. 

2. With porphyrindin and o0-iodosobenzoate, respectively, sulfhydryl 
groups in considerable excess of the a and b groups have been estimated 
in urease, denatured in guanidine hydrochloride solution. 

3. Reerystallized and dialyzed hen’s egg albumin, after denaturation 
with guanidine hydrochloride, has been examined for its sulfhydryl con- 
tent by titration with standard o-iodosobenzoate. The method developed 
gives results characterized by excellent reproducibility. The validity of 
this application of the method is strengthened by its utilization in the 
estimation of cysteine (discussed in an earlier communication) and of 
reduced glutathione, and further by observations that sodium o-iodoso- 
benzoate, under the conditions used, fails to oxidize certain amino acids, 
notably tyrosine, tryptophane, serine, and methionine. 

4. The results of the investigation appear to bear upon certain char- 
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acteristi¢ differences in the behavior of various sulfhydryl-containing pro- 
teins and protein-enzymes, with reference particularly to divergencies in 
their reactivity with various alkylating and oxidizing reagents. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER DISEASE 


XI. HYPOPROTHROMBINEMIA IN THE RAT INDUCED BY 
SALICYLIC ACID* 
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The anticoagulant and hemorrhagic agent 3,3’-methylenebis(4-hy- 
droxycoumarin) does not affect the clotting power of blood or plasma 
in vitro (1, 2). When given orally to various species of experimental ani- 
mals and man, its hypoprothrombinemia-inducing action does not become 
detectable (even with diluted plasma) until a lapse of 12 to 24 hours (3). 
The onset of the hypoprothrombinemia can be advanced only a few hours 
by administering the anticoagulant intravenously in the form of its di- 
sodium salt. 

One of us (W. R. 38.) has shown that, when a single dose of the anticoagu- 
lant is administered intravenously to rabbits, only traces are detectable 
in the blood stream by spectrographic means after a period of 20 to 24 hours 
(unpublished data). So it appears that, when a single dose of 3 ,3’-methyl- 
enebis(4-hvdroxycoumarin) is injected intravenously, most of it disappears 
from the blood stream before the hypoprothrombinemia reaches the maxi- 
mum intensity. It has already been indicated that, when massive doses 
were fed to dogs, some of the anticoagulant appears in the feces unchanged, 
but there were no indications that it was excreted in the urine (3). 

One way to rationalize these observations is to assume that 3,3’- 
methylenebis(4-hydroxycoumarin) inhibits the formation of prothrombin 
by the liver and that increased prothrombin times do not become apparent 
until the original prothrombin level (or activity) in the blood stream has 
diminished. An alternative explanation is that time is required to inac- 
tivate (or qualitatively alter) the prothrombin present. A third possi- 
bility is that 3 ,3’-methylenebis(4-hydroxycoumarin) must undergo chemi- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station and supported since July 1, 1940, through special grants from 
the Graduate Research Committee of the University, Office of Dean E. B. Fred, and 
the Wisconsin Alumni Research Foundation. 

Part of the work embodied in this paper is taken from a thesis by Dr. Ralph 8. 
Overman presented to the Faculty of the Graduate School in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, July, 1942. 
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cal change in the animal body before it acts via either of the aforemen- 
tioned routes. 
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The quantitative chemical degradation of 3 ,3’-methylenebis(4-hydroxy- 
coumarin) to salicylic acid was established by one of us (C. F. H.) (2, 4). 
Subsequently a study of the physiological activity of various analogues 
of 3,3’-methylenebis(4-hydroxycoumarin) and structurally related com- 
pounds revealed that only those compounds show anticoagulant action 
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which theoretically might yield salicylic acid or an o-hydroxybenzoic acid 
derivative on degradation.' This generalization becomes apparent from 
the accompanying scheme. 

The purpose of this communication is to show that, when single doses 
of salicylic acid are administered either orally or intravenously to rats 
maintained on a basal artificial ration low in vitamin K, a temporary hypo- 
prothrombinemia can be induced, comparable in all respects to that caused 
by 3,3’-methylenebis(4-hydroxycoumarin) (3, 5). When the rats are 
maintained on a stock grain ration containing vitamin K or when the basal 
artificial diet is supplemented with synthetic 2-methyl-1 ,4-naphtho- 
quinone, the hypoprothrombinemia does not develop. It should be empha- 
sized (a) that the prothrombin time of 12.5 per cent plasma will indicate 
the onset of the hypoprothrombinemia before changes in the prothrombin 
time of whole plasma are observed, (b) that the whole blood clotting times 
will usually be unaffected when the reduction in the prothrombin level 
(or activity) becomes detectable, and (c) that hemorrhage does not appear 
unless the salicylic acid is fed or injected continuously over a period of 
time. Since the change in prothrombin time reflected by the 12.5 per 
cent plasma is readily detected and reproducible, we have given our data 
only in terms of this value (3, 6). 

Methods 

The methods used have all been described in previous papers of this 
series (5-7). It should be emphasized that the artificial ration? is low in 
vitamin K, while the stock grain ration*® contains this dietary factor. Both 
rations are adequate for the growth and maintenance of rats. The animals 
were maintained on the appropriate basal rations a month before use 
(about 10 days suffice). The salicylic acid given orally was mixed into 
cooked corn-starch containing 2 per cent cottonseed oil. This was then 
mixed with the artificial ration so that the desired amount of salicylic acid 
was contained in 2 gm. of the final mixture. After a preliminary fasting 
period of 12 hours the rats were fed the salicylic acid ration mixture. 
t hours after it was consumed, access to the ration was permitted ad libitum. 
For the injection trials the desired amount of sodium salicylate dissolved 
in water was administered slowly into the vein of the rat’s tail. 

For reasons already emphasized a plasma concentration of 12.5 per 


! Data obtained by Dr. M. Stahmann and others here are to be published later. 

? The artificial ration comprises casein 18 parts, yeast 8, salts 4 (Wesson, L. H.., 
Science, 76, 334 (1932)), Wesson oil 5, cod liver oil 2, and cerelose 63. 

* The stock grain ration comprises corn 40 parts, soy bean meal 10, linseed oil meal 
15, alfalfa leaf meal 3, NaCl (iodized) 1, Ca;(PO,). 1, skim milk powder 20, butter 
fat 10. 
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cent was used to follow the hypoprothrombinemia (3, 6). The plasma 
from the rats on either ration was relatively uniform in its prothrombin 
level (or activity), the average prothrombin time at the 12.5 per cent con- 
centration being 39 seconds (range 36 to 45). 


EXPERIMENTAL 


Effect of Prolonged Ingestion of Salicylic Acid on Survival Time of Rats— 
The results from many trials will be reported in a highly condensed form. 
Rats maintained on the stock grain ration survived a daily intake of 
salicylic acid over a period of 60 days at the following levels: 2.0, 10.0, and 
100 mg. A mild hypoprothrombinemia at the higher level was detectable 
in some of the animals. The rats maintained on the artificial ration 
developed a severe hypoprothrombinemia in 20 days at the 100 mg. level. 


TaBLe I 
Effect of Single Oral Doses of Salicylic Acid on Prothrombin Time of 12.5 Per Cent 
Plasma from Rats Maintained on Artificial Ration 


| Prothrombin time in sec. of 12.5 per cent plasma 


Salicylic i. 
— of rats Normal 16 hrs. after feeding 24 hrs. after feeding 40 hrs. after feeding 
ec _ — 
Average Range Average Range Average Range Average Range 
mg. 
10 12 39 36-44 40 38-45 49 45-52 36 35-39 
25 15 39 37-44 47 44-52 50 {8-55 40) 37-43 
100 12 39 37-45 53 49-60 65 58-70 49 45-52 


When the salicylic acid intake was raised to 300 mg. per day on the arti- 
ficial ration, severe hypoprothrombinemia developed in 5 days, the pro- 
thrombin time of the 12.5 per cent plasma being 75 seconds; the survival 
time was 10 days (average) for a group of six animals. The hemorrhagic 
manifestations resembling those of the sweet clover disease in cattle de- 
veloped. Since the hemorrhagic condition induced by 3 ,3’-methylene- 
bis(4-hydroxycoumarin) in the rat has already been fully described in a 
previous publication in this series (5), a complete description of the gross 
pathology is not necessary. 

Effect of Single Oral Doses of Salicylic Acid on Prothrombin Time of 
12.5 Per Cent Plasma—Single oral doses of salicylic acid, at the 10, 25, 
and 100 mg. levels, did not prolong the prothrombin time of rats main- 
tained on the stock grain ration. In sharp contrast, the rats maintained 
on the artificial ration developed a temporary hypoprothrombinemia at 
all levels. The results with the rats maintained on the artificial ration are 
summarized in Table I. 

Effect of Sodium Salicylate Administered Intravenously on Prothrombin 
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Time of 12.5 Per Cent Piasma—The results with rats maintained on the 
artificial ration are summarized, in Table II. It should be noted that a 
single 25 mg. dose of sodium salicylate prolonged the average prothrombin 
time of the 12.5 per cent plasma from the normal of 39 seconds to 72 sec- 
onds.* The 50 mg. dose of sodium salicylate produced substantially the 
same degree of prolongation. Under our conditions a prothrombin time 
of 72 seconds of the 12.5 per cent plasma represents the degree of hypo- 
prothrombinemia existing in rats which have developed hemorrhage after 
receiving 300 mg. of salicylic acid daily for 5 days while maintained on the 
artificial ration. It has been observed that, when the prothrombin time 
is prolonged by a single dose of sodium salicylate administered intra- 
venously, no tendency to hemorrhage is indicated. This is reminiscent 
of our previous experience with various species of experimental animals 
with single large doses of 3,3’-methylenebis(4-hydroxycoumarin). This 


TaB_e II 


Effect of Sodium Salicylate Administered Intravenously on Prothrombin Time of 12.5 
Per Cent Plasma from Rats Maintained on Artificial Ration 


Prothrombin time in sec. of 12.5 per cent plasma 


Sodium 


salicylate | No. of rats Normal 12 hrs. after injection 24 hrs. after injection 
injected . ; Ghomnses ti atataenieagiilieeity 
Average Range Average Range Average Range 
mg. 
5.0 10 39 37-42 39 36- 41 39 36-41 
25.0 30 39 35-43 72 44— 95 39 35-42 





50.0 12 39 37-43 76 50-100 | 38 36-42 


observation with the methylenebiscoumarin has been substantiated by 
others ((3) p. 953, (8-10)). 

Effect of 2-Methyl-1 ,4-naphthoquinone on Hypoprothrombinemia Induced 
by Administration of Salicylic Acid to Rats—The results are summarized in 
Table III. The protective action of the quinone is so striking that a 
detailed discussion of the data is not necessary. These results supply the 
basis for the differences in the response of the rat to salicylic acid when 
maintained on the stock grain ration as opposed to the artificial ration. 
In sum, it appears that the rats maintained on the artificial ration are 
receiving vitamin K at a level close to the minimum required, which makes 
it possible for salicylic acid to induce the hypoprothrombinemia readily 
(11). The utilization of vitamin K by this species had already been 
indicated in part through our studies with 3 ,3’-methylenebis(4-hydroxy- 
coumarin) ((5) p. 600). We should also state at this point that the 


‘Confirmed by Dr. K. K. Chen and Mr. Charles L. Rose in the Lilly Research 
Laboratories, Indianapolis. 
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salicylic acid hypoprothrombinemia can only be induced with difficulty 
in those species (7.¢., the rabbit and dog) in which experimental avitamino- 
sis K cannot be induced readily (12-14). However, we have had no 
difficulty in inducing salicylic acid hypoprothrombinemia in dogs whose 
livers have been injured through prolonged chloroform anesthesia (15). 
These dogs had been on an adequate stock diet for 30 days subsequent to 
the chloroform intoxication. They had exhibited normal prothrombin 
times for 10 days or more before the salicylic acid hypoprothrombinemia 
was induced. This work will be reported in detail later. 

Comparative Effect of Sodium Salicylate and 3 ,3'-Methylenebis( 4-hydroxy- 
coumarin) on Prothrombin Time of 12.5 Per Cent Rat Plasma—The follow- 
ing observations were all made with rats maintained on the artificial ration. 


TaBLe III 


Effect of 2-Methyl-1,4-naphthoquinone on Hypoprothrombinemia Induced by Salicylic 
Acid in Rats Maintained on Artificial Ration 


Prothrombin time in sec. of 12.5 per cent plasma 


Quinone and salicylic acid administered x al 24 hrs. after 
15 rats in each group orm administration 
Average Range Average Range 
25.0 mg. salicylic acid (oral), no quinone 38 36-44 50 15-60 
25.0 ‘* si “+ 1.0 mg. quinone 
(oral) 39 36-43 32 30-38 
12 hrs. after adminis- 
tration 
25.0 mg. sodium salicylate (intravenous), no 
quinone. 39 36-44 72 44-90 
25.0 mg. sodium salicylate + 1.0 mg. quinone 
sulfonate (intravenous) 38 35-43 34 30-44 


There is a wide difference in the detectable dose between the two sub- 
stances. When given orally, the action of 1.0 mg. of 3 ,3’-methylenebis(4- 
hydroxycoumarin) is readily detectable within 12 hours (increase from 
39 seconds to 55) (see (5) Fig. 1), while 10.0 mg. of salicylic acid are 
required to effect a significant increase in the prothrombin time of the 
12.5 per cent plasma. To induce a state of hypoprothrombinemia com- 
parable to that realized with 2.5 mg. of 3,3’-methylenebis(4-hydroxy- 
coumarin) given intravenously, approximately 50.0 mg. or more of sodium 
salicylate are required. 

It is a well established fact that salievlic acid is distributed rapidly in the 
body following administration and that it has been found to enter into 
nearly every secretion, fluid, and organ ((16) p. 25). In fact, distribution 
following oral administration is so rapid that in clinical practice there is no 
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substantial advantage in giving it parenterally. The rapid diffusion 
throughout the body offers a partial explanation for the relative difference 
in the dosage required to produce a comparable hypoprothrombinemic 
effect with the more slowly eliminated 3,3’-methylenebis(4-hydroxy- 
coumarin). The effect of 25.0 mg. of sodium salicylate given parenterally 
can be readily detected within 3 to 6 hours, its action being displayed more 
rapidly than that of a 2.5 mg. dose of 3,3’-methylenebis(4-hydroxy- 
coumarin). The maximum hypoprothrombinemia-inducing effect from a 
single dose of sodium salicylate (intravenous) is realized within 12 hours, 


quem 2.5 MG. 33-ME THYLENEBIS[4-HYDROXYCOUMARIN] 
seees 25MG. SODIUM SALICYLATE 
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TIME IN HOURS AFTER INJECTION 
Fic. 1. The comparative effect of sodium salicylate and 3,3’-methylenebis(4- 
hydroxyecoumarin) administered intravenously on the prothrombin time of 12.5 per 


cent plasma (average response of six rats). 


normal prothrombin values being restored within 24 hours. In contrast, 
3,3’-methylenebis(4-hydroxycoumarin) acts more slowly and the action 
persists over a more prolonged period (see Fig. 1). 

Proof That Prolonged Clotting Times Caused by Salicylic Acid Are Pri- 
marily Due to Induced Hypoprothrombinemia—Evidence for the salicylic 
acid hypoprothrombinemia does not rest solely on the figures clocked off 
in our prothrombin method on 12.5 per cent plasma. We have been 
engaged for some time® on a comparative study of the hypoprothrombi- 

’ These studies were begun in 1937 by Dr. H. A. Campbell and were recently ex- 
tended by Dr. Ralph 8S. Overman (doctoral dissertation, July, 1942) and are now 
being carried on by Mr. Lester D. Scheel. 
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nemic plasmas obtained by the following routes: (a) deep chloroform anes- 
thesia of dogs (15), (b) administration of 3,3’-methylenebis(4-hydroxy- 
coumarin) to rabbits, dogs, rats, and guinea pigs (3), (c) feeding sulfa- 
guanidine to rats (17), and (d) administration of salicylic acid to rats and 
dogs. Since it is our hope that a complete report of this study may even- 
tually be realized in spite of the present contingencies, we feel that no useful 
purpose would be served by unduly lengthening this paper with detailed 
data that might better be included under another title. Suffice it to 
state that the various plasmas exhibit substantially the same properties 
in so far as the prothrombin activity is concerned. The sustaining points 
on the salicylic acid hypoprothrombinemic plasma might be collated at 
this time and they are as follows: 

1. A series of dilution curves was made with normal rat plasma and 
salicylic acid hypoprothrombinemic plasma with physiological saline as the 
diluting medium. These curves are substantially like those obtained with 
hypoprothrombinemic plasma resulting from the action of 3,3’-methyl- 
enebis(4-hydroxycoumarin) (see (6) Fig. 1, p. 8, and (3) Fig. 5, p. 951). 

2. If a salicylic acid hypoprothrombinemic plasma is diluted with pro- 
thrombin-free plasma instead of the saline solution, there is no restoration 
of the prothrombin time over the whole dilution range. The prothrombin- 
free plasma was prepared by the method of Mellanby (18). 

3. If a salicylic acid hypoprothrombinemic plasma is reconstituted with 
normal rat plasma, the normal prothrombin times are restored. This holds 
over a wide range of dilutions—a small quantity of normal plasma (or 
prothrombin preparation) has the capacity to restore the prothrombin 
time of appreciable quantities of hypoprothrombinemic plasma. 

4. If a beef prothrombin preparation® dissolved in saline solution ob- 
tained by the method of Seegers (19) is added to salicylic acid hypopro- 
thrombinemic plasma, the normal prothrombin times can be restored over 
the whole range of a dilution series. 

5. Finally, if salicylic acid hypoprothrombinemia is induced in a rat, 
the prolonged prothrombin times can be reduced rapidly by injecting a 
prothrombin preparation dissolved in saline solution. 


DISCUSSION 


The thesis that 3,3’-methylenebis(4-hydroxycoumarin) is metabolized 
in the body to salicylic acid and thereby exerts its hypoprothrombinemia- 
inducing effect obviously cannot be accepted until salicylic acid, a deriva- 
tive of salicylic acid, or some definitive degradation product arising from 


®We are indebted to Messrs. Carl Pfeiffer and Daniel A. McGinty, Research 
Laboratories, Parke, Davis and Company, Detroit, for supplying some of the pro- 


thrombin preparations used in this study. 
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either has been isolated from the tissue. We are engaged in the pursuit 
of this objective. Sustaining evidence for the thesis is that the isomeric 
m- and p-hydroxybenzoic acids, as well as benzoic acid, do not induce the 
hypoprothrombinemia when administered intravenously. 

Some 50 years ago the German pharmacologist Binz emphasized in his 
lectures (which also became available in the English language) that, when 
salicylic acid is given to certain individuals suffering from rheumatic fever,’ 
it causes hemorrhage from the mucous membranes (20).§ Binz left the 
mechanism unexplained, but advised caution in the use of the drug (21). 
Subsequently some investigators held that the hemorrhagic manifestations 
observed by Binz were perhaps due to the febrile condition and not to 
direct action of the salicylic acid (16). In 1926 Wetzel and Nourse (22) 
reviewed all the cases of oil of wintergreen (methyl! salicylate) poisoning 
previously reported and concluded that in addition to vascular changes the 
most general lesion is hemorrhage. In 1939 Sir Arthur Hurst of Guy’s 
Hospital, London, in a report on aspirin hematemesis (23), wrote that the 
wide-spread use and abuse of aspirin’ makes the recognition of its toxic 
effects of more than academic interest and accumulating evidence of its 
power to produce severe gastric hemorrhage necessitates the consideration 
of the possible réle of this drug in all cases in which the more common 
causes of bleeding can be excluded. 

To our knowledge the extensive literature on the pharmacology and 
therapeutic use of salicylates does not indicate that salicylic acid can affect 
the blood coagulation mechanism per se (16). Furthermore, the literature 
does not contain reports that salicylic acid (salicylates) acts as an anti- 
coagulant in vitro. Extensive trials by us with whole blood and plasma 
from various species of mammals, which need not be given here, also indi- 
cate that salicylic acid or sodium salicylate has no effect on the clotting 
powers of normal blood or plasma in vitro. 

In view of the current belief (13, 24-26) that in adult man dietary defi- 
ciencies of vitamin K severe enough to produce clinical hypoprothrombi- 
nemia are rarely encountered, we would have hesitated to draw on the 
aforementioned medical literature if it were not for the fact that our 
findings on hypoprothrombinemia induced by salicylic acid in rats have 
already been put to test by two independent clinical investigators. 


7 The amount prescribed in acute rheumatic fever is much larger than that em- 
ployed for any other purpose. In fact the dosage is colossai (see (16)). 

* Binz indicated that in females where this tendency exists the use of salicylates 
may occasion frequent or excessive menstruations or if the patient is pregnant may 
cause miscarriage or premature birth. Prior to Binz, French physicians had asserted 
that one of the direct effects of salicylic acid is to cause abortions (the literature is 
cited by Binz (20)). 

* See the editorial comment in The Journal of the American Medical Association 
(115, 1199 (1940)) and the annotation in The Lancet (1, 1091 (1940)). 
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The basic observations on rats became known to us for the first time in 
June, 1941. We revealed the findings and our matured interpretations to 
Dr. Shepard Shapiro, M.D., Welfare Hospital, New York University Divi- 
sion III, New York, and Dr. O. O. Meyer, M.D., Wisconsin General Hos- 
pital, Madison, in early August, 1942." Both clinicians have reported 
that our observations are reproducible in man even when the diets are not 
restricted. The clinical reports will appear elsewhere. 

We do not feel that speculation on the interrelationship of 2-methyl- 
1,4-naphthoquinone metabolism and the salicylic acid hypoprothrom- 
binemia is warranted at present, since we know so little about how the 
quinones function in prothrombin synthesis (12, 13, 27). Several attrac- 
tive alternatives should be obvious to anyone after a little meditation. As 
we see it, the work reported herewith has in a sense raised more questions 
than it has answered. But it is our hope that it might lead to new ap- 
proaches to the poorly understood beneficial therapeutic action of salicyl- 
ates" (16, 28-30), in addition to offering at least a partial explanation for 
one of the untoward effects that they might induce under certain condi- 
tions (20, 23, 31). 


A special acknowledgment is due to my eldest brother, Dr. George K. 
K. Link, Professor of Botany and Plant Pathology, University of Chicago, 
whose critical faculty and broad philosophic outlook on biological phe- 
nomena have been a great help to me in connection with our studies on the 
hemorrhagic sweet clover disease (K. P. L.). 


SUMMARY 

1. It is shown that single doses of salicylic acid induce a temporary hypo- 

prothrombinemia in rats when the rats are maintained on a ration low 
in vitamin K. 


1° Our findings were also revealed to Dr. K. K. Chen, M.D., Ph.D., at the Lilly 
Research Laboratories, Indianapolis, who with the assistance of Mr. Charles L. Rose 
kindly checked the results on rats. In a letter dated September 18 he stated, ‘‘The 
hypoprothrombinemia-inducing effect of salicylic acid which you have observed can 
be easily substantiated.’’ The responses obtained by Messrs. Chen and Rose with 
25 mg. of sodium salicylate per kilo (intravenous administration) practically dupli- 
cate the figures in Table II. We wish to thank them for their generous and prompt 
cooperation. 

1 Tt is generally held that salicylates exert their typical effects by virtue of the 
salicylic acid content, variations in solubility and propensity to cause local irritation 
being the main factors which determine the degree of usefulness. The efficacy of the 
different salicylates depends in part on the amounts of salicylic acid liberated in 
the body, but not entirely on this factor. Thus it is reasonable to assume that the 
hypoprothrombinemia-inducing effects of the various salicylate drugs would vary. 


We already have evidence pointing in this direction. 
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2. The salicylic acid hypoprothrombinemia does not develop when rats 
are maintained on a diet containing vitamin K. 

3. The synthetic quinone (2-methyl-1,4-naphthoquinone or the water- 
soluble sulfonate) protects the rat against the hypoprothrombinemia- 
inducing action of salicylic acid. 

4. The parallelism between the hypoprothrombinemia and hemorrhage 
induced by 3,3’-methylenebis(4-hydroxycoumarin), the causative agent 
of the hemorrhagic sweet clover disease, and salicylic acid is indicated. 

5. The bearing of these findings on some of the long standing contra- 
indications reported in the therapeutic use of salicylates in medicine 
(hemorrhage) is discussed. 
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HYDROGENASE AND SYMBIOTIC NITROGEN FIXATION* 


By P. W. WILSON, R. H. BURRIS, anp W. B. COFFEE 


(From the Department of Agricultural Bacteriology, University of Wisconsin, Madison) 


(Received for publication, November 30, 1942) 


In 1941 Phelps and Wilson (1) demonstrated the presence of hydrogenase 
in Azotobacter vinelandii and suggested that it might be significant for nitro- 
gen fixation by this species. This proposal, originally based on the fact 
that molecular hydrogen is a specific inhibitor for nitrogen fixation by this 
organism, has been supported by additional investigations (2).!_ Since Hy 
also inhibits nitrogen fixation by the symbiotic system of leguminous plants 
inoculated with the root nodule bacteria (Rhizobium sp.), it was thought 
probable that these species likewise might possess hydrogenase. ‘Tests of 
pure cultures grown on laboratory media were negative, but suspensions of 
the organism prepared directly from pea nodules by the method of Thorne 
and Burris (3) apparently contained the enzyme. This was not true, how- 
ever, of cultures from nodules of the soy bean (1). Before these erratic 
results could be resolved, the 1941 growing season ended, and investigations 
on the bacteria from nodules of leguminous plants had to be discontinued 
until the following year. This paper describes our more recent tests on 


these organisms. 


Methods 


Our original observations were based on a modified Thunberg method in 
which the rate of reduction of methylene blue in the presence and absence 
of H, was measured. The control was a tube which had been evacuated by 
a water pump. At times an inert gas was added to this control: No, He, 
or A. When this was done, the tube was flushed once with the gas which 
was passed through a tower of alkaline pyrogallol to remove O, impurities. 
Although this method is quite satisfactory for suspensions which possess a 
powerful hydrogenase, such as Azotobacter, it has several potential sources 
of errors. These include (a) failure to evacuate to the same degree in con- 
trol and experimental tubes, (6) failure to remove the last traces of oxygen 
from the displacing gases. Because of our erratic results with nodule sus- 
pensions it seems likely that, if a hydrogenase is present in such cultures, 
its activity will be feeble; therefore, demonstration will require more precise 


* This research was supported in part by grants from the Rockefeller Foundation 
and from the Wisconsin Alumni Research Foundation. 
' Unpublished data from this laboratory. 
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and reliable procedures than the one previously used. We have employed 
three improved methods for detecting hydrogenase. 

Modified Thunberg Method—1 ml. of bacterial suspension is placed in the 
hollow stopper of the Thunberg tube described by Tam and Wilson (4). 
The tube itself contains 1 ml. of 0.00005 m methylene blue, 3 ml. of m/15 
phosphate buffer (pH 7.5), and 5 ml. of distilled water. It is evacuated 
with a Hyvac pump (rated final vacuum of 10-* mm.). The last traces of 
air are swept out by the vaporization of water which is condensed in a dry 
ice trap. The cylinder gases are freed of oxygen by slow passage over cop- 
per turnings heated to about 800°. After passing through a dry ice trap 
the gases are collected in glass bulbs evacuated to 10-* mm. of Hg. A gas 
is transferred from the storage bulb to the evacuated Thunberg tube by 
means of a Urey pump (5). 

After temperature equilibration at 35°, the suspension is mixed with the 
contents of the tube, and the reduction of the methylene blue measured in a 
Coleman universal spectrophotometer at a wave-length of 660 mu. Read- 
ings are made every 5 minutes; when log /o// is plotted against time, a 
straight line results whose slope measures the rate of reduction of the dye. 
I, is the final galvanometer reading after complete reduction of dve with 
sodium hydrosulfite; J is the reading at any time, ¢. 

Modified Thunberg-Warburg Method—The foregoing method was modi- 
fied by carrying out the reduction in the Warburg micro respirometer and 
measuring the rate of H, uptake instead of the reduction of methylene blue. 
In a flask whose side arm contains | ml. of 0.002 mM methylene blue are 
placed 1 ml. of bacterial suspension and 1 ml. of M/15 phosphate buffer of 
pH 7.5; if an inhibitor is to be added, 0.5 ml. of a double strength bacterial 
suspension and 0.5 ml. of inhibitor solution are used. KOH is placed in 
the center well to absorb any anaerobic CO, produced. After temperature 
equilibration at 35°, the manometers are observed for 10 to 20 minutes to 
check that no ‘‘endogenous”’ gas uptake occurs, then the methylene blue is 
tipped in, and the uptake of gas measured. After 20 to 30 minutes the 
reduction of the methylene blue is complete, and no further change in the 
manometer occurs. 

Knallgas Reaction—While investigating various possibilities for more 
precise methods of measuring hydrogenase activity, we found that cultures 
of Azotobacter readily use O,. as the H, acceptor. A method was then devel- 
oped based on this Knallgas reaction (6). Although the original method 
was satisfactory for Azotobacter, this would not assure that it would be with 
nodular suspensions which possess an unusually high endogenous respira- 
tion. Accordingly, we sought for differential inhibitors which would de- 
press O, uptake due to respiration more than that due to oxidation of Hp. 
Three such inhibitors were found (7), two of which (iodoacetate and hydrox- 
ylamine) have been used extensively in this work. 
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Before use on nodular suspensions all methods were thoroughly tested 
with Azotobacter, and found to be both sensitive and reliable. The reduc- 
tion of methylene blue in the modified Thunberg method no longer showed 
an initial lag (1), indicating that the last traces of O. had been removed; 
even with quite dilute suspensions of Azotobacter pronounced hydrogenase 
activity was evident. In the Thunberg-Warburg method no change in the 
manometer occurred (after thermobarometric correction) until the methyl- 
ene blue was added. With Azotobacter, gas equivalent to the Hz required 
to reduce the added dye disappeared, after which the readings once more 
became stable. The precision and accuracy of the method based on H:-O, 
uptake have been discussed in previous reports (6, 7). 
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Fic. 1. Test for hydrogenase in suspensions from nodules by the modified Thun- 
berg technique. Curve 1, He, Azotobacter; Curve 2, He, soy bean; Curve 3, H:, soy 
bean; Curve 4, He, cow-pea; Curve 5, Hz, cow-pea; Curve 6, H2, Azotobacter. 

Fic. 2. Test for uptake of H, by nodular suspensions in presence of methylene blue. 
Zero time indicates the point at which the dye was tipped in. Curves 1, H2, Azoto- 
bacter; Curves 2, He, Azotobacter; Curve 3, Hz, cow-pea; Curve 4, He, cow-pea; Curve 
5, H2, soy bean; Curve 6, He, soy bean. 


EXPERIMENTAL 


Results from typical experiments in which the improved methods were 
used are shown in Figs. 1 to 4. Since suspensions from nodules of the cow- 
pea and soy bean reduce methylene blue as rapidly in a helium atmosphere 
as in hydrogen (Fig. 1), it is concluded that the reduction arises from de- 
hydrogenases acting on endogenous substrates. With Azotobacter reduc- 
tion is much more rapid in Hy. In this particular trial, the rate of reduction 
by the soy bean suspension is somewhat more rapid in He, but it hardly 
exceeds experimental error and was not observed in other experiments. 

Consideration of the lines in Fig. 1 suggests that the Thunberg method 
may not be too suitable for demonstration of hydrogenase in nodular sus- 
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pensions, since reduction of the dye by dehydrogenases which use endog- 
enous donators may obscure the reduction by Hs. This confusion of 
activity is eliminated in the Warburg-Thunberg method in which the H, 
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Fig. 3. Test for Anallgas reaction in nitrogen-fixing bacteria. Left, suspension 
from cow-pea nodules; right, suspension from soy bean nodules. Curve 1, Azoto- 
bacter in H,-O,; Curve 6, Azotobacter in He-O,; Curves 3 and 7, H»-O» mixture; Curves 
2 and 8, He-O, mixture; Curves 4 and 9, H2-O: plus 0.01 m iodoacetate; Curves 5 and 
10, He-O, plus 0.01 m iodoacetate; Curve 11, H»-O, plus 0.002 m hydroxylamine; Curve 
12, He-O, plus 0.002 m hydroxylamine. The values for the inhibitors refer to the final 
concentration. 
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Fia. 4. Test for Knallgas reaction in pure and nodular cultures. Curves 1 and 6, 
H,-O,; Curves 2 and 5, He-O,.; Curves 3 and 8, H:-O, plus 0.002 m hydroxylamine; 
Curves 4 and 7, He-O, plus 0.002 m hydroxylamine. 


used to reduce the dye is measured directly. No evidence of uptake of Hy 
by nodular suspensions was obtained with this method (Fig. 2). The small 
changes in the manometers were independent of the presence of H, or He 
and can be ascribed to experimental error. When Azotobacter was used, 
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however, the uptake of H, approached the theoretical (44 microliters) neces- 
sary for reduction of the methylene blue. 

The data of Figs. 3 and 4 are typical of a large number of trials in which 
the Knaligas reaction was employed for detection of hydrogenase. Curves 
1 and 6 (Fig. 3) illustrate its use with the hydrogenase in Azotobacter. The 
absence of the enzyme in nodular suspensions from soy bean or cow-pea is 
demonstrated by the following: (a) the uptake of gas is as rapid in an He-O, 
mixture as in an H»-O, mixture; (b) the same is true in the presence of in- 
hibitors such as iodoacetate and hydroxylamine which exert a differential 
effect on oxidation of substrate and hydrogen (7). Likewise, no evidence 
was obtained for the existence of hydrogenase in either the pure culture or a 
nodular suspension of the pea organism (Fig. 4). 

It is emphasized that the data in Figs. 1 to 4 have been confirmed by 
similar results from a large number of experiments completed during the 
past growing season. In addition to trials which were essentially replica- 
tion of those selected for illustration, several variations were introduced in 
the standard procedures outlined under ‘‘Methods.”” These included (a) 
variation in the pO, used in the Knallgas reaction from 0.01 to 0.20 atmos- 
phere, (b) use of both intact and crushed whole nodules instead of the sus- 
pension of bacteria from the nodule, (c) preliminary incubation of the 
suspension (or nodules) in pure He, (d) variation in the age and variety of 
the plant, (e) change in the concentration of suspension used—bacterial 
nitrogen varied from 0.5 to 2.0 mg. per ml. In nearly all trials the absence 
of a hydrogenase in the root nodule bacteria was indicated. Occasionally, 
results suggesting weak hydrogenase activity were obtained, but these were 
neither numerous nor consistent. 


DISCUSSION 


The results from these experiments make it extremely doubtful that the 
root nodule bacteria, either in pure culture or in association with the plant, 
contain hydrogenase. If this is true, a significant difference in the sym- 
biotic nitrogen fixation system and that in the free living Azotobacter is 
suggested. The latter possesses a powerful hydrogenase which appears to 
be associated with its nitrogen-fixing activity (2).'. At this time, however, 
we cannot definitely conclude that nitrogen fixation and hydrogenase are 
not associated in the symbiotic system. Although both pure culture and 
nodular suspension apparently lack hydrogenase, they also are unable to fix 
free nitrogen. Using the extremely sensitive nitrogen isotope method, we 
have been unable to detect fixation by such cultures.' Intact nodules, 
however, frequently assimilate detectable quantities of free N“. It was 
this fact that led us to test nodules rather than the bacteria. 
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With such heterogeneous material as whole nodules the reliability of the 
hydrogenase measurements is greatly reduced. Because of the rapid re- 
duction of the dye by dehydrogenases the methylene blue techniques are 
almost useless. In applying the method based on the Anallgas reaction, 
we weighed | gm. of freshly excised nodules into the Warburg flask; after 
the test was completed the contents of the flask were washed into a Kjel- 
dahl flask and the total nitrogen determined. The variation among sam- 
ples in total nitrogen content indicated that the quantities of active mate- 
rial present in the flasks were far from equal; hence uniformity in gas uptake 
could not be expected. Even when the results are expressed as activity per 
mg. of nitrogen, the variation between duplicates was generally so great 
that a weak hydrogenase would be obscured. The sensitivity of the method 
was likewise decreased by the large endogenous respiration, part of which 
apparently was not greatly influenced by iodoacetate and hydroxylamine. 
Since even the modified methods are not particularly adapted for detection 
of weak activity in such heterogeneous material, a better approach might 
be to use heavy hydrogen, just as we have used heavy nitrogen to detect 
nitrogenase activity. 

Finally, our experience with plant cultures grown in the presence of H, 
should be mentioned. In these experiments (8) ample fixation occurred 
even though H, did inhibit the reaction. If the nitrogen-fixing system in 
the intact plant were associated with as powerful a hydrogenase as is pos- 
sessed by Azotobacter, one would expect the disappearance of a detectable 
quantity of gas through operation of the Knallgas reaction. Although this 
may have occurred on a small scale (comparable with the quantity of N» 
fixed), it never approached that observed when organisms known to contain 
a hydrogenase were present (9). 


SUMMARY 


Three modified procedures designed to improve the sensitivity of the 
methods for detection of hydrogenase in bacteria have been developed and 
applied to nitrogen-fixing organisms. In one, the rate of reduction of 
methylene blue is determined in a spectrophotometer; special care is taken 
to insure that the gases used are free of oxygen. Another combines the 
standard Thunberg method with the Warburg manometric procedure, so 
that the H. which disappears in the reduction of methylene blue is meas- 
ured instead of the time of reduction. The third measures the disappear- 
ance of gas in an H,-O, mixture; a modification of this method includes use 
of differential inhibitors which selectively reduce the respiratory activity. 

The reliability and sensitivity of the methods were demonstrated with 
Azotobacter which contains an active hydrogenase. Tests for this enzyme 
in suspensions of bacteria from nodules of pea, soy bean, and cow-pea 
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plants were then made. Excised whole nodules were also tested, although 

the methods are not particularly suited for such heterogeneous material. 
The root nodule bacteria apparently do not contain hydrogenase. The 

relation of this finding to symbiotic and asymbiotic nitrogen fixation is 


discussed. 
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LETTERS TO THE EDITORS 





INFLUENCE OF BUFFER AND GLUCOSE IN THE 
LACTOBACILLUS CASEI ASSAY FOR 
PANTOTHENIC ACID 

Sirs: 

Clarke et al.! have recently reported the formation of 20 to 23 ml. of 
0.1 N acid in the Lactobacillus casei assay for pantothenic acid as compared 
to the usual maximum of 10 to 12 ml. The higher values were obtained 
when 400 mg. or more of rice polishings concentrate were added to 10 ml. 
of medium. Similar results have also been obtained with Lactobacillus 
casei in riboflavin assays of extracts of whole wheat flour, wheat bran, 
and rice bran.2. We should like to report high acid formation in panto- 
thenic acid assays obtained simply by increasing the amounts of glucose 
and sodium acetate in the assay medium. The findings are, in general, 
also applicable to the riboflavin assay. 

It is known that a low pH as a result of lactic acid accumulation may be a 
limiting factor in this fermentation and that a marked increase in acid pro- 
duction occurs if the cultures are adequately buffered or neutralized during 
the fermentation.’ We find that if the pantothenic acid assay medium of 
Pennington et al.‘ is carefully prepared to contain 0.6 per cent sodium 
acetate as required, an increase in glucose from 1 to 2 per cent raises the 
maximum amount of acid formed in 10 ml. of medium from 10.5 to 14.5 ml. 
in the presence of 1 y of pantothenic acid. 15 ml. of acid are formed with 
3 per cent glucose. 

If 2 per cent glucose is used, an increase in concentration of the sodium. 
acetate buffer from the customary 0.6 per cent to 1.2 and 1.8 per cent 
raises the amount of 0.1 N acid formed in 10 ml. of medium from 15 to 
18.5 and 19.3 ml., respectively. The additional acetate raises the buffering 
capacity of the assay medium as measured by potentiometric titrations 
with hydrochloric acid. The ratio of the amount of 1.17 nN HCl required to 
bring the media containing 0.6, 1.2, and 1.8 per cent sodium acetate, 
respectively, to pH 4.0 (approximately the final pH of the fermentation) 


' Clarke, M. F., Lechycka, M., and Light, A. E., J. Biol. Chem., 142, 957 (1942). 

* Wegner, M. 1., Kemmerer, A. R., and Fraps, G.8., J. Biol. Chem., 144, 731 (1942). 

§ Longsworth, A. G., and MacInnes, D. A., J. Bact., 32, 567 (1936). Tatum, E. L., 
and Peterson, W. H., Ind. and Eng. Chem., 27, 1493 (1935). 

* Pennington, D., Snell, E. E., and Williams, R. J., J. Biol»Chem., 186, 213 (1940). 
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is 1:1.5:2.5 With 1 per cent glucose, the additional acetate does not 
increase acid formation. 

Results similar to those with acetate can be obtained by periodically 
neutralizing the cultures with sodium hydroxide. As much as 32 ml. of 
0.1 ‘ acid is formed in 10 ml. of medium containing 3 per cent glucose. 

It is, therefore, evident that the assay medium contains sufficient 
nutrients and growth factors to permit much larger amounts of acid to be 
formed than the maximum normally obtained, provided adequate amounts 
of glucose and buffer are supplied. These results raise the question as to 
what extent the sugar content and buffering properties of extracts of rice 
polishings, wheat bran, etc., are responsible for the high titration values 
obtained with such materials. This problem is under investigation. 
Jacos L. Stokes 


Research Laboratories 
BreverLy B. Martin 


Merck and Company, Inc. 
Rahway, New Jersey 
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5 We are indebted to Dr. N. R. Trenner and Mr. W. R. Reiss of Merck and Com- 


pany, Inc., for these titrations. 
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MICROBIOLOGICAL ASSAYS FOR p-AMINOBENZOIC ACID 


Sirs: 

We have developed in this laboratory a microbiological assay for p- 
aminobenzoic acid, using a mutant strain of Neurospora crassa’ very 
generously supplied to us by Dr. G. W. Beadle of Stanford University. 
Application of this method, based on studies by Lampen, Underkofler, and 
Peterson,” to aqueous extracts of various natural substances yields results 
which suggest that the assay procedure of Landy and Dicken’ responds to 











TABLE I 
p- Aminobenzoic acid 
Substances oa 2 — 
Hot water extract Acid hydrolysis 
y per gm. moist tissue per gm. moist lissue 
Beef liver <0.1 2.5 
Spinach 0.12 0.6 
Oats (seed) 0.13 0.5 
Mushrooms 0.5 1.3 
Fresh yeast 3.6 4.0 
TABLE II 
H2SO, p-Aminobenzoic acid 
, ypergm 
1 hr. autoclaving, 15 lbs. 0.1 0.9 
1.0 1.2 
6.0 2.2 
12.0 2.0 


only a fraction of the total amount of p-aminobenzoic acid obtainable 
after acid or alkaline hydrolysis. We find, moreover, that enzymatic 
hydrolysis‘ or autolysis® is not always sufficient to lead to the maximum 
effect. The increased yield obtainable by heating with 6 nN H,SO, for 
1 hour in the autoclave at 115.5° is demonstrated by the examples in 
Table I. 

'Tatum, E. L., and Beadle, G. W., Proc. Nat. Acad. Sc., 28, 234 (1942). 

* Lampen, J. O., Underkofler, L. A., and Peterson, W. H., J. Biol. Chem., 146, 
277 (1942). 

* Landy, M., and Dicken, D. M., J. Biol. Chem., 146, 109 (1942). 

‘ Cheldelin, V. H., Eppright, M. A., Snell, E. E., and Guirard, B. M., Univ. Texas 
Pub. 4237 (1942). 

° Blanchard, K. C., J. Biol. Chem., 140, 919 (1941). 
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The effect of acid concentration on the yield of the vitamin from beef 
liver is shown in Table II. 

Recently in this laboratory Dr. D. E. Pennington has developed an 
extremely sensitive microbiological assay method for p-aminobenzoie 
acid, using a lactic acid bacterium as the test organism. A comparison of © 
assay results by this and the Neurospora method is in progress and com- 
plete details will be published in the near future. 
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